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Summary 
 
The emergence of new fungal pathogens, either of plants or animals, and the 
increasing number of reported cases of resistant human pathogenic strains to the 
available antifungal drugs reinforces the need for better understanding the biology of 
filamentous fungi.  Conventional drugs target components of the fungal membrane 
or cell wall, therefore identifying novel intracellular targets, yet unique to fungi, is a 
global priority.  Previous studies revealed that ionic liquids, a class of tuneable 
organic salts, are able to induce distinct metabolic alterations in filamentous fungi.  
These compounds, despite being often regarded as green solvents, mainly due to 
their lack of vapour pressure and non-flammability, can display certain toxicity, and 
their potential use in industrial scale reinforces the need for their toxicological 
assessment.  Ionic liquids′ distinct effects on filamentous fungi inspired the present 
thesis, which focusses in better understanding the mechanisms of toxicity of these 
compounds and the response of filamentous fungi to their chemical stress. More 
importantly, it aims at investigating the unique chemical stimuli of ionic liquids as 
potential tools to unravel unknown cellular and molecular mechanisms in 
filamentous fungi. 
Using the model filamentous strain Aspergillus nidulans, the mechanisms of 
toxicity of four distinct families of ionic liquids were investigated.  In a systematic 
study that employed predominantly fluorescence microscopy and gene expression 
analyses (qRT-PCR), I was able to prove that alkyltributylphosphonium chlorides 
are able to permeabilise the fungal plasma membrane in a manner dependent on the 
length of the cation′s alkyl substituent (Chapters II and III).  The same effect could 
be observed for two other distinct families of ionic liquids, 1-alkyl-3-
methylimidazolium chlorides and alkyl-(2-hydroxyethyl)-dimethylammonium 
bromides (Chapter IV). However, plasma membrane permeabilisation does not 
depend only on the length of the alkyl chain, but also on the charge of the ion 
carrying such chain. Cholinium alkanoates, for instance, although becoming 
increasingly more toxic with the elongation of the anion′s alkyl chain, do not cause 
plasma membrane permeabilisation (Chapter IV). The chemical nature of the plasma 
xiv 
membrane, which presents a heterogeneous charge distribution along its surface, and 
the overall negative charge of the fungal cell wall seem to play a crucial role in the 
mechanisms of toxicity of ionic liquids. This hypothesis was further investigated by 
molecular dynamics simulations with representative ionic liquids of each family and 
artificial membranes (Chapter IV). 
In addition to membrane permeabilisation, some ionic liquids were also able 
to damage the fungal cell wall and induce a stress response known as cell wall 
integrity pathway, as observed by the up-regulation of cell wall biosynthetic genes 
(Chapters III and IV). This signalling pathway is better understood in yeast, whereas 
little knowledge is available for filamentous fungi, including Aspergillus nidulans.  
Data suggest that ionic liquids are not only able to cause cell wall damage but also 
activate alternative stress response pathways, as already proposed to exist in this 
model fungus.  Remarkably, ionic liquids also activate the sphingolipids 
biosynthetic pathway and induce the accumulation of intermediates such as the 
sphingoid bases dihydrosphingosine and phytosphingosine, as well as other 
unknown species.  Each family of ionic liquids is able to induce a distinctive 
response, highlighting the uniqueness of their chemical stimuli (Chapter V). 
Intermediates in the sphingolipids biosynthetic pathway have already been reported 
to be important signalling elements in eukaryotes, in several biological processes, 
from cell cycle regulation to programed cell death. In yeast, some of these 
intermediates are involved in the cell wall stress response, but little information 
about the puzzling roles of these compounds in filamentous fungi is available to 
date. 
The work presented in this thesis furthers the knowledge on ionic liquids 
toxicological risk and constitutes the basis for exploring ionic liquids′ unique 
chemical stimuli and tuneability as tools to elucidate and characterise unknown 
biological processes in filamentous fungi. 
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Sumário 
 
O surgimento de novos fungos patogénicos, tanto de plantas como de animais, e o 
crescente número de casos reportados de estirpes patogénicas resistentes às drogas 
antifúngicas disponíveis reforça a necessidade de maiores conhecimentos sobre a 
biologia dos fungos filamentosos.  As drogas convencionais têm como alvo a 
membrana plasmática ou a parede celular fúngicas e, portanto, novos alvos 
intracelulares, únicos aos fungos, é uma prioridade global.  Estudos preliminares 
revelam que líquidos iónicos, uma classe de sais orgánicos tuneáveis, são capazes de 
induzir, em fungos filamentosos, alterações metabólicas distintas. Estes compostos, 
apesar de serem frequentemente considerados solventes “verdes”, principalmente 
pela sua falta de pressão de vapor e não-flamabilidade, podem apresentar 
considerável toxicidade, e seu uso potencial em escala industrial reitera a 
necessidade de sua avaliação toxicológica. Os efeitos distintos dos líquidos iónicos 
em fungos filamentosos inspiram a presente tese, que visa melhor compreender os 
mecanismos de toxicidade destes compostos e a resposta dos fungos filamentosos ao 
seu stress químico.  Ainda mais importante, visa investigar o estímulo químico único 
dos líquidos iónicos como potenciais ferramentas para elucidar mecanismos 
celulares e moleculares desconhecidos em fungos filamentosos. 
Usando o fungo filamentoso modelo Aspergillus nidulans, os mecanismos 
de toxicidade de quatro famílias distintas de líquidos iónicos foram investigados.  
Em um estudo sistemático que empregou principalmente microscopoia de 
fluorescência e análise da expressão génica (qRT-PCR), fui capaz de provar que 
cloretos de alquiltributifosfónio são capazes de permeabilizar a membrana 
plasmática dos fungos numa maneira dependente do comprimento do substituinte 
alquilo do catião (Capítulos II e III).  O mesmo efeito foi observado para duas outras 
famílias de líquidos iónicos, os cloretos de 1-alquil-3-metilimidazólio e brometos de 
alquil-(2-hidróxietil)-dimetilamónio (Capítulo IV).  Entretanto, permeablização da 
membrana plasmática não depende apenas do comprimento da cadeia alquilo, mas 
também na carga do ião contendo tal cadeia.  Alcanoatos de colínio, por exemplo, 
apesar de se tornarem mais tóxicos com o elongamento da cadeia alquilo do anião, 
xvi 
não causam permeabilização da membrana plasmática (Capítulo IV). A natureza 
química da membrana plasmática, que apresenta uma distribuição heterogénia de 
cargas em sua superfície, e a carga negativa da parede celular desempenham um 
papel fundamental nos mecanismos de toxicidade dos líquidos iónicos. Esta hipótese 
foi também suportada por estudos de simulação de dinámica molecular de líquidos 
iónicos representativos de cada família e membranas artificiais (Capítulo IV). 
Adicionalmente à permeabilização da membrana plasmática, alguns líquídos 
iónicos são também capazes de causar dano à parede celular dos fungos e induzir 
uma resposta ao stress conhecida como via de da integridade da parede celular., 
como pode ser observado pela regulação positiva de genes da biosíntese da parede 
celular (Capítulos III e IV).  Esta via de sinalização é melhor conhecida em 
levedura, enquanto pouco sabe-se em fungos filamentosos, incluindo Aspergillus 
nidulans. Os dados sugerem que os líquidos iónicos não só são capazes de causar 
dano à parede celular, mas também de ativar vias de resposta ao stress alternativas, 
como já sugerido de existir neste fungo modelo.  É digno de nota que estes líquidos 
iónicos também ativam a via de biosíntese de esfingolípidos e induzem a 
acumulação de intermediários como diidroesfingosina e fitoesfingosina, bem como 
de outras espécies desconhecidas.  Cada família de líquidos iónicos é capaz de 
induzir respostas distintas, dando ênfase à natureza única do seu estímulo químico 
(Capítulo V).  Intermediários na via de biosíntese de esfingolípidos já foram 
descritos por serem importantes elementos sinalizadores em eucariotos, em vários 
processos biológicos, desde regulação do ciclo celular à morte celular programada. 
Em leveduras, alguns destes intermediários estão envolvidos na resposta ao stress da 
parede cellular, mas pouca informação sobre os intrigantes papéis destes compostos 
em fungos filamentosos está disponível atualmente. 
O presente trabalho apresentado nesta tese amplia o conhecimento sobre o 
risco toxicológico dos líquidos iónicos e constitui uma base para explorar o estímulo 
químico único dos líquidos iónicos e sua tuneabilidade como ferramentas para 
elucidar e caracterizar processos biológicos desconhecidos em fungos filamentosos. 
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1.1. Fungi 
The following pages provide general information on fungal biology and the diversity 
and classification of this group of organisms.  Relevant aspects of the fungal cell, 
growth and development will be addressed.  Special focus will be given to 
Ascomycota fungi, mainly for the members of the genus Aspergillus, including the 
model filamentous fungus Aspergillus nidulans. 
 
Fungi constitute a group of eukaryotic organisms, thus possessing cellular features 
common to e.g. animals and plants, such as enveloped nuclei, chromatin, intragenic 
regions (introns) in their DNA, 80S ribosomes, cytoplasmic organelles, such as 
mitochondria and vacuoles, cytoskeleton, among others [1-3].  Nutritionally, they 
are heterotrophs (chemo-organotrophs), needing fixed organic compounds as a 
source of energy and carbon for cellular synthesis.  The presence of a cell wall 
external to the plasma membrane prevents acquisition of nutrients by phagocytosis; 
thus, fungi need to absorb soluble nutrients, usually attained by the secretion of 
enzymes that degrade polymeric materials and release simpler molecules that can 
then pass through the cell boundaries [2, 4].  Fungi are ubiquitous organisms, and 
can be found in virtually all environments, being able to utilize a great variety of 
food sources, and survive under a wide range of temperatures and moisture degrees 
[3].  Most fungi are saprophytes (obtain nutrients from dead organic matter), but 
many can be pathogens, parasites or even display a symbiotic life-style with other 
organisms [2, 4]. 
Besides their strong role in natural ecosystems, e.g. in the decay of organic 
matter, carbon recyclers, mutualistic relations with plants (mycorrhyzae) [5, 6] or as 
pathogens of plants and animals [7, 8], fungi are also important for human health 
and economy [3, 4].  For millennia fungi have been used in human alimentation, e.g. 
as a direct food source, in food processing and in brewery [4].  However, several 
fungal species can cause severe plant pathologies that lead to enormous economic 
losses in agriculture [9].  Fungal mycotoxins can also present a great risk for crop 
production and human health (e.g. ergot alkaloids, trichothecenes, aflatoxins) [10, 
11].  Many human life-threatening infections are caused by fungi [12].  Worldwide, 
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per annum, more than 2 million invasive fungal infections, over 85 million 
mucocutaneous candidiasis infections and 1.7 thousand millions of superficial nail 
and skin infections are reported [12].  Emerging fungal infections are often 
associated to crossover fungal pathogens able to infect plants and humans [8, 12], 
hence able to establish infection by overcoming the host-specific barriers and grow 
at the elevated body temperature.  Fungi constitute a high risk to 
immunocompromised individuals, such as HIV/AIDS, can er, transplant and 
diabetes patients [13], which represent a significant percentage of the nowadays 
world population.  Moreover, mortality rates of invasive fungal infections often 
exceed 50% [12, 13].  In contrast to their negative aspects for human health as 
significant (opportunistic) pathogens, many fungal strains are able to produce 
important pharmacological compounds, the classic example being the discovery of 
penicillin from Penicillium rubens in 1928 [14, 15].  Many other biologically active 
agents are derived from fungi, such as the antimicrob als cephalosporin and 
griseofulvin, the cholesterol-lowering agent lovastatin, the immunosuppressant 
cyclosporin, the plant growth hormones gibberellins, and food additives 
(carotenoids) [16].  Their high catabolic capacity and ability to produce extracellular 
enzymes have also been explored in many fermentatio processes and 
biotechnological applications, e.g production of organic acids, metabolites, food 
fermentations [11].  Finally, in a different context, many fungal species are used as 
models for better understanding biological processes common to other eukaryotes; 
for instance, the yeast Saccharomyces cerevisiae was the first eukaryotic genome to 
be released [17] and is currently one of the most intensively studied model 
organisms in molecular and cell biology [18]. 
 The diversity of fungal species is enormous, being estimated by 
Hawksworth in 1991 to be more than 1.5 million [19].  This number is controversial, 
as many studies suggest much different estimations, from 500,000 to 9.9 million [20, 
21].  In a recent study applying an algorithm that  the number of higher taxa across 
all life, Mora et al. predicted that the number of fungal species rounds 611,000 (+/-
 297,000) [22].  Nevertheless, the number of fungal species can be considered at 
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least one order of magnitude greater than the number of currently known species, 
roughly 80,000 to 100,000 [22, 23]. 
 These known fungal species are currently organised within the kingdom 
Fungi, but for long they have been associated with plants, being first included in the 
kingdom Vegetabilia, by Linnaeus in 1735 (Fig. 1.1) [24].  This persisted through 
the creating of the three- and four-kingdom systems of Haeckel, in 1866 [25], and 
Copeland, in 1928 [26], respectively.  Only with the creation of the five-kingdom 
system by Whittaker, in 1969 [27], fungi were classified in their own kingdom, a 
concept kept in classification systems proposed afterwards [28, 29].  In the six-
kingdom system proposed by Cavalier-Smith, in 1998 , only “true fungi” are 
considered to belong the kingdom Fungi, being oomycetes and slime molds placed 
in the kingdoms Chromista and Protozoa, respectively [30, 31] (Fig. 1.1).  Their 
independence from plants is now strongly supported by molecular evidence that 
prove that plants constitute an independent evolutionary lineage, while fungi are 
more closely related to animals, constituting a monophyletic group [32].  They both 
share the common feature that their flagellate cells propel themselves with a single 
posterior flagellum (opisthokonts), as opposed to plants and other eukaryotes, in 
which these cells propel themselves with one or more anterior flagella [33]. 
 
 
Fig. 1.1. Schematic representation of the presence of the kingdom Fungi along the different 
classification systems proposed by Linnaeus, Haeckel, Copeland, Whittaker, Woese et al. 
and Cavalier-Smith [24-31]. 
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 The kingdom Fungi traditionally comprised four phyla of “true fungi”, 
namely Chytridiomycota, Zygomycota, Ascomycota and Basidiomycota [2, 4].  This 
classification has now been revised and, in the most recent internationally agreed 
phylogenetic classification proposed by Hibbett et al. [34] (Fig. 1.2.), the former 
Chytridiomycota and Zygomycota were considered as basal fungal lineages and are 
subdivided in several phyla and subphyla.  Ascomycota and Basidiomycota, the 
largest phyla within fungi, are grouped together in the subkindom Dikarya. 
Interestingly, Microsporidia a group of unicellular parasites of animals and protists 
with highly reduced mitochondria were included in the kingdom Fungi.  Overall, the 
classification proposed by Hibbett e al. accepts, within the kingdom Fungi, one 
subkingdom, seven phyla and ten subphyla [34]. 
 
 
Fig. 1.2. Phylogeny and classification of the kingdom Fungi according to Hibbett et al. [34]. 
Branch lengths do not intend to be proportional to genetic distances. 
 
 The phylum Ascomycota constitutes the most diverse group of fungi, 
counting with ca. 60,000 known species and the largest number of clades of fungi 
with septate hyphae.  Three main subphyla are proposed in this classification: 
Taphrinomycotina, Saccharomycotina, Pezizomycotina [34] (Fig. 1.3.). 
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Fig. 1.3. Phylogeny and classification of the phylum Ascomycota according to Hibbett et al.  
[34]. Branch lengths do not intend to be proportional to genetic distances. 
 
The basal group Taphrinomycotina comprises, among others, plant parasites, 
the human pathogen Pneumocystis jirovecii [35] and the fission yeast 
Schizosaccharomyces pombe, a significant model organism in cell biology of 
eukaryotes [36, 37].  The most remarkable members of the subphylum 
Saccharomycotina are the budding yeast Saccharomyces cerevisiae [18] and the 
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species of the genus Candida, which constitute important human pathogens [38].  
The filamentous Ascomycota are contained in the subphylum Pezizomycotina that 
comprises a wide diversity of fungal species and life-styles.  Remarkably, included 
in this group are e.g. Penicillium rubens (Eurotiomycetes, Eurotiales, 
Trichocomaceae) from which the antibiotic penicillin was discovered [14, 15], 
Fusarium spp. (Sordariomycetes, Hypocreales, Nectriaceae), important pathogens 
of plants [39],  Neurospora crassa (Sordariomycetes, Sordariales, Sordariaceae) 
and Aspergillus nidulans (Eurotiomycetes, Eurotiales, Trichocomaceae) the last two 
considered model filamentous fungi in cell biology studies [40-42]. 
The genus Aspergillus has around 250 known species [43], with significant 
roles in natural ecosystems and in human economy, including important plant and 
human pathogens, producers of mycotoxins, enzymes, organic acids and secondary 
metabolites [44].  The name of the genus comes from the asexual reproductive 
structures of these fungi, that resemble a device used to sprinkle holy water by the 
Roman Catholic clergy, the asperges [11] (Fig. 1.4).  Representative members of 
this genus are A. fumigatus, A. niger, A. oryzae, A. terreus and A. nidulans.  Their 
importance justifies that, at the present, the genomes of several species are 
completely sequenced and available [40, 45-48].  Throughout this thesis the focus of 
discussion will be the biology of the filamentous fngus A. nidulans and, whenever 
appropriate, of the model yeast S. cerevisiae or other relevant, related species. 
 
 
Fig. 1.4. Asexual reproductive structure (conidiophore) of Aspergillus flavus. Its  shape  
resembles a device used to sprinkle holy water by the Roman Catholic clergy, the asperges, 
from which the genus name is derived [11]. Adapted from: http://www.aspergillus.org.uk. 
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The fungal cell has the same basic constitution as other eukaryotic cells [4]. 
The genetic material is retained in a nuclear envelope, perforated by numerous pore 
complexes.  The nucleoplasm is ribosome-free and is packed with the chromatin, 
and might contain one or two nucleoli [1].  Fungi also contain several cytoplasmic 
organelles, such as peroxisomes, vacuoles, endoplasmic reticulum, Golgi apparatus 
and mitochondria, although the latter differ from other eukaryotic cells for being 
more elongated, larger and for having their cristae arranged as lamellae parallel to 
the longitudinal axis [2, 4] (Fig. 1.5A).  They also possess and endomembrane 
system able to divide the cell into functional and structural compartments for the 
synthesis, breakdown and transport of material into, within and out of the cell [49].  
A cytoskeleton, composed of three types protein filaments (microtubules, 
microfilaments and intermediate filaments) is responsible for providing structure and 
organization to the cytoplasm, while also conferring shape to the cell [50]. 
 A variety of cell shapes are present in the kingdom Fungi, when considering 
the diversity of species, life-styles and complex life cycles these organisms can 
assume.  Considering their vegetative growth, one could roughly distinguish two 
main cell morphologies, the yeast form, spherical, ellipsoidal or cylindrical; and the 
filamentous form, chains of cylindrical cells that form hyphae (Fig. 1.5) or 
pseudohyphae [51]. Some fungi can assume both morphol gies in its life-cycle, and 
are usually called dimorphic. 
 Highly polarised, filamentous growth of hyphae [52] is possible due to the 
presence, especially at the hyphal tip, of an apical body or Spitzenkörper, a dense 
spheroidal cluster of vesicles, components of the cytoskeleton and signalling 
proteins [53] (Fig. 1.5A).  It acts as a dynamic organizing centre that receives 
secretory vesicles from sub-apical parts of the cell and orients their delivery to the 
apical membrane.  While hyphae grow from their tips, they can also create branches 
at sub-apical regions (Fig 1.5B).  This type of growth allows the formation of a 
network called mycelium that can extend to great distances from the starting 
germination point [54].  Fusion between branches can also occur (hyphal 
anastomosis), contributing greatly for the formation of a complex mycelial network 
[55] (Fig.1.5C).  This mode of growth is one of the reasons for the great success of 
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filamentous fungi in colonising many types of substrates, taking advantage of the 
nutritional sources available.  
  
 
Fig.1.5. A) Transmission electron micrograph of the near median section through hyphal tip 
of Sclerotium rolsfsii (M = mitochondria, Va = vacuoles, N = nuclei, S = pitzenkörper, 
arrows = endoplasmic reticulum; magnification = 4,900 ×, bar = 2 µm).  Adapted from [56].  
B, C) Confocal images showing hyphal organization in different regions of a Neurospora 
crassa colony.  B) Colony periphery: primary hyphae and branches grow relatively straight 
and branch subapically.  C) Colony interior: dichotomous branching (d) and hyphal fusions 
(f). Bars = 50 µm. Adapted from [57]. 
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Vegetative growth can stop and the fungi can enter i o cycles of asexual or 
sexual development, in each it produces spores for pr pagation or resistance in 
adverse environmental and nutritional conditions (Fig. 1.6).  Filamentous 
Ascomycota, herein exemplified by A. nidulans, undergo a complex process of 
asexual development.  It is usually triggered by many environmental conditions, 
such as exposition to air, light or temperature [54, 58].  It begins with the formation 
of specialized aerial hyphae, the stalk, which extends vertically and can differentiate 
into a conidiophore.  After polarised growth, the stalk undergoes isotropic growth at 
the tip, forming a vesicle. A series of specialised c lls bud from the vesicle, forming 
a first layer of metulae.  Each metula then originates two phialides that will then 
produce by mitoses the asexual spores, called conidia.  Long chains of conidia can 
be produced per each phialide, and a single conidiophore can produce up to 100,000 
conidia, that can spread in the environment carried up by the air [54, 58].  Typically, 
A. nidulans form conidia in solid substrates, but it can also be observed on 
submerged cultures, usually under stress or upon nutrie t limitations [58]. 
 Under harsh environmental conditions, such as nutrient starvation, some 
fungi can undergo sexual development, producing spores that are extremely 
resistant.  Sexual spores are produced through meiosis, which guaranties higher 
genetic variability compared to the parental cells, another strategy to overcome 
environmental adversities [4].  In the case of Aspergillus species, not all have a 
known sexual stage; about one third can reproduce sexually, such as A. nidulans, 
A. fumigatus, A. flavus, A. parasiticus and A. nomius [54, 59-65].  These species can 
be classified as heterothallic, in case they need compatible mating partners, or 
homothallic, when this is not required.  Ascomycota produce their sexual spores 
inside specialized cell called asci, from where the name of the phylum is derive [4].  
Aspergillus nidulans is a homothallic filamentous fungus that produces eight 
ascospores inside each ascus [54, 65].  Sexual deveopm nt in this fungus begins 
with the formation of Hülle cells, specialised, thick-walled cells that will surround 
the sexual structures, providing nutrition and protection [54].  Afterwards, fusion 
(plasmogamy) of the two sexual hyphae (antheridium and ascogonium) occurs, 
generating a dikaryotic ascogenous hyphae.  A single fusion event can give rise to an 
Chapter I 
12 
 
entire population of dikaryotic cells that will produce a single fruiting body 
containing the ascospores-forming asci.  These are formed by the fusion of the 
nuclei (karyogamy), which is followed by meiosis and subsequent mitosis, 
generating eight haploid nuclei that will be separated by membranes, forming eight 
ascospores.  A final mitotic event occurs, generating the mature, binucleate 
ascospores [54].  In Aspergillus nidulans, asci and ascospores are produced in a 
closed fruiting body, called cleistothecia, which can reach 125-200 µm in diameter 
[54].  Spore dispersal occurs after mechanical rupture of the cleistothecia.  Other 
types of fruiting bodies can also be produced by filamentous fungi, such as 
apothecia, perithecia and pseudothecia, in Ascomycota, and basidiocarps, such as the 
commonly named mushrooms, in Basidiomycota [2, 4]. 
 
 
Fig.1.6. Schematic representation of Aspergillus nidulans life cycle. 
 
 After being generated by the reproductive structures, both conidia and 
ascospores enter a state of dormancy, period in which t ey are relatively resistant to 
various stress conditions, e.g. UV radiation, drought, high temperatures [54].  Once 
the spores are dispersed and reach an appropriate substrate with adequate water and 
nutritional sources, dormancy is broken and germination occurs.  Emergence of a 
germ tube is observed (preceded by a period of isotropic growth or swelling in 
conidia), and a new haploid mycelial network is formed [54, 66]. 
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1.2. The fungal cell envelope 
The following pages give more detailed information on the structure and 
biosynthesis of the fungal plasma membrane and cell wall, relevant for the 
understanding of the work discussed in the following chapters. The knowledge 
herein presented is mainly based on the model yeast Saccharomyces cerevisiae; 
nevertheless, aspects of the biology of the filamentous fungus Aspergillus nidulans 
or other related species will highlighted.  
 
1.2.1. Plasma membrane 
The fungal plasma membrane, as all biological membranes, is composed of a thin 
film of lipids and proteins [1].  The lipids are arr nged as a double layer, and serve 
as a relatively impermeable barrier for most water-soluble molecules [4].  The most 
abundant lipids in the plasma membrane are phospholipids, which usually contain a 
glycerol unit with two fatty acids, a phosphate group, and a simple organic molecule 
such as choline, inositol, serine or ethanolamine.  Their shape and amphifilic nature, 
i.e. polar head groups and long hydrophobic tails, allow the spontaneous formation 
of bilayers in aqueous environments, where they tend o aggregate in ways that the 
hydrophobic tails face the interior and the hydrophilic head groups are exposed to 
the aqueous exterior [1].  
Fatty acids are the basic elements of complex lipids, being incorporated 
into e.g. phospholipids and sphingolipids [67].  The d  novo synthesis of fatty acids 
that occurs in the cytoplasm (it can also occur in the mitochondria [68]) begins with 
the formation of malonyl-CoA from acetyl-CoA, derived from citrate or acetate, in a 
reaction catalysed by an acetyl-CoA-carboxylase [69].  The fatty acid synthase 
complex utilizes malonyl-CoA as a two carbon building block for the de novo 
synthesis of saturated fatty acids.  Aspergillus nidulans has two genes coding for the 
subunits of the fatty acid synthase complex, namely fasA and fasB [70].  Further 
elongation steps can occur in the endoplasmic reticulum by the addition of two 
carbons from malonyl-CoA [67], to generate very long chain fatty acids, that can be 
utilised e.g. in the synthesis of sphingolipids [71].  The desatur tion and 
hydroxylation of fatty acids also take place in the endoplasmic reticulum [67].  
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Together, this complex biosynthetic pathway allows a high diversity of molecule 
types. Importantly, the level of fatty acid saturation in the phospholipids will 
determine the membrane fluidity [1].  Membranes enriched in unsaturated fatty acids 
are more fluid than those with a high number of saturated fatty acid moieties [72]. 
Fatty acids are one of the substrates for the production of phosphatidic acid, 
a central metabolite in the synthesis of phospholipids [67].  It can be used in the 
biosynthetic pathways that will lead to the production of the most abundant 
phospholipids in fungi: phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylinositol and phosphatidylserine [73].  This diversity of phospholipids 
provides an important feature to the plasma membrane: the lipid bilayer is 
asymmetrical, i.e. the composition of phospholipids regarding their head groups 
varies from the inner to the outer monolayer [1].  Since these head groups have 
different net charges, significant difference between the overall charges of each 
bilayer surface is observed. 
Additionally to phospholipids, sterols and sphingolipids also play 
fundamental roles in the structure of the fungal plsma membrane.[67]  Ergosterol 
is the major sterol present in the plasma membrane of a great number of fungal 
species,[67, 74, 75] including Aspergillus nidulans.[76]  It is very similar, in 
structure and function, to the mammalian cholesterol, and it also accounts for the 
fluidity of the plasma membrane [4].  Its synthesis involves a complex pathway that, 
in yeast, comprises almost thirty enzymes in the yeast S. cerevisiae (Fig. 1.7) [67].  
Briefly, ergosterol synthesis starts with the mevalon te pathway [77], with the 
condensation of two acetyl-CoA molecules to obtain cetoacetyl-CoA [78].  
Incorporation of a third acetyl-CoA molecule yields 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) that is then reduced to mevalonate by HMG-CoA reductases [77, 
79].  The latter is considered the rate-limiting step in ergosterol biosynthesis in 
fungi; sterol intermediates in the pathway regulate th  enzyme’s activity in a 
negative feedback [80].  From mevalonate, a series of reactions occurs to generate 
farnesyl pyrophosphate [67].  Squalene synthase then utilises two molecules of 
farnesyl pyrophosphate to generate squalene [81] that then undergoes epoxidation 
(yielding squalene epoxide) [82] and several subsequent reactions catalysed by other 
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enzymes in the pathway [83], generating sterol intermediates (e.g. lanosterol, 
zymosterol, fecosterol and episterol) and, ultimately, rgosterol [67].  Despite the 
current knowledge in ergosterol biosynthesis in yeast, this pathway can present 
significant differences depending on the fungal species; for instance, alternative 
branches and sterol intermediates have been identified in A. fumigatus [74]. 
 
 
Fig.1.7. Schematic representation of ergosterol biosynthesis in Saccharomyces cerevisiae. 
Adapted from [67]. 
 
Sphingolipids constitute another class of plasma membrane lipids that 
deserve further attention.  In fungi, ceramides areth  most common type of 
sphingolipids; they are composed of two moieties: a phingoid base and a very-long-
chain fatty acid [67].  They can further include mannose and inositol-phosphate 
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residues, thus being classified as complex sphingolipids [84].  The sphingolipid 
biosynthetic pathway is characterised in greater detail for the yeast S. cerevisiae 
(Fig. 1.8); however, knowledge of this pathway in flamentous fungi such as A. 
nidulans is rather more limited (Fig. 1.9).   
 
 
Fig.1.8. Schematic representation of sphingolipids biosynthesis in Saccharomyces 
cerevisiae.  Adapted from [67]. 
 
Their synthesis starts with condensation of a serine a d palmitoyl-CoA or 
other fatty acyl-CoA such as stearyl-CoA, a reaction hat is catalysed by the serine 
palmitoyltransferase complex and yields 3-ketodihydrosphingosine [85, 86].  The 
following products in the pathway are the long chain bases dihydrosphingosine and 
phytosphingosine [87-89].  These can then be condensed with a very-long chain 
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fatty acid to yield dihydroceramide and phytoceramide, respectively, a reaction 
catalysed by ceramide synthases [90, 91].  Addition of an inositolphosphate group 
renders the first complex sphingolipid, inositolphosphoryl ceramide [86, 92].  
Mannose-inositolphosphoryl ceramide can be formed by the mannosylation of 
inositolphosphoryl ceramide [93], and addition of a second inositol phosphate group 
to the former yields mannosediinositolphosphoryl ceramide [94], the most complex 
product of this pathway.  The long chain bases dihydrosphingosine and 
phytosphingosine can also enter an alternative route to generate phosphorylated 
sphingoid bases [71].  Several intermediates in the sphingolipids biosynthetic 
pathway can play important functions in the cell, other than being structural 
components of the membrane, as discussed ahead in this thesis (see Section 1.3). 
  
 
Fig.1.9. Schematic representation of sphingolipids biosynthesis in Aspergillus nidulans.  
Adapted from [89]. 
 
Both ergosterol and sphingolipids participate in the formation of sterol-rich 
domains in the fungal plasma membrane [95].  These are special domains of unclear 
function but, as lipid rafts, they are most likely responsible for anchoring several 
proteins such as structural elements, receptors and se sors.  For instance, in yeast 
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they have been implicated in protein sorting, secretion, endocytosis, and cell 
polarity.  In the filamentous fungus A. nidulans, these domains are present in 
septation sites and particularly at the tip of the hyphae, where they likely play a vital 
role in the establishment of polarity and directionality of hyphal growth [91, 96]. 
Besides playing an important structural function in cells, sphingolipids have 
already been described to play numerous roles as signaling molecules in eukaryotes 
[97-100].  Sphingolipids intermediates, especially sphingoid bases and their 
phosphate species, and ceramides involved in the regulation of cell growth, 
differentiation, and programmed cell death.  In S. cerevisiae, sphingoid bases are 
also involved as a second messenger in the stress response to cell wall damage [71]. 
The fungal plasma membrane is one of the main targets of the available 
array of antifungal drugs.  Ergosterol can only be found in fungi and, due to its 
essential role in maintaining membrane integrity and cell viability, its biosynthetic 
pathway has been considered a major target in antifungal drug development [101, 
102].  Azoles, such as miconazole, ketoconazole, fluconazole, itraconazole and 
voriconazole, inhibit the 14α-demethylase, which leads to depletion of ergosterol 
and accumulation of sterol precursors (e.g. lanosterol) [102, 103].  Despite being the 
largest class of antifungal drugs, resistance of many fungal pathogens to the 
available azoles is an uprising concern [104].  Allylamines, such as terbinafine, are 
also ergosterol biosynthesis inhibitors, but at earli r steps in the pathway. They 
inhibit squalene epoxidases activity, leading to an accumulation of squalene and 
absence of ergosterol or any other sterol intermediat s [101, 102].  Other enzymes in 
the pathway are also target of antifungal drugs, such as ∆7,∆8-isomerase e ∆14-
desaturase (morpholines) [102].  Overall, disruption of ergosterol biosynthesis leads 
to the formation of a plasma membrane with altered p rmeability and has severe 
impact on fungal growth.  Polyenes, such as amphotericin B and nystatin, are broad 
spectrum fungicidal drugs that affect the plasma membrane by direct interaction 
with ergosterol; they form complexes with this sterol and disrupt the membrane 
integrity, resulting in increased permeability and leakage of cytoplasmic contents 
and, ultimately, cell death [101, 102, 105].  Sphingolipids are also essential for 
fungal growth and differences in their biosynthesis between humans and fungi, 
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especially at later steps in the pathway, justifies the current interest in exploring 
them for the development of new therapeutic agents. Many natural compounds can 
inhibit sphingolipids biosynthesis in fungi.  Myoricin and fumonisins, for example, 
are inhibitors of the early steps in sphingolipids biosynthesis, while aureobasidins 
inhibit later steps in the pathway [101]. 
 
1.2.2. Cell wall 
The fungal cell wall accounts for a great percentage of the cell dry weight (15-30%), 
and is responsible for allowing cell morphogenesis and maintaining its shape, 
counteracting the turgor pressure and protecting the plasma membrane against 
mechanical damage [106, 107].  Seen by electron microscopy, the cell wall presents 
an electron-lucid inner layer that represents the skeletal layer composed mainly of 
polysaccharides, predominantly chitin and 1,3-β-glucans. Aspergillus nidulans also 
contains amorphous 1,3-α-glucans embedded within 1,3-β-glucan and chitin fibrils, 
absent in the yeast cell wall [106, 108].  They form long, poorly branched 1,3-β-
glucans form an elastic network that is continuously stretched under normal osmotic 
conditions.  These glucans contain nonreducing endsthat may serve as acceptor sites 
for chitin and 1,6-β-glucans, overall serving as a support for the outer electron-dense 
layer of mannoproteins [106] (Fig. 1.10). 
 
 
Fig.1.10. Representation of the cell wall of filamentous fungi, showing its main components: 
chitin, 1,3-β-glucans, 1,6-β-glucans and 1,3-α glucans.  Adapted from [109]. 
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The enzymes involved in the synthesis of chitin, 1,3-α-glucans and 1,3-β
glucans are known to be localised at the plasma membrane; the glycan chains are 
extended in the cytosolic side of the membrane, while being extruded to the 
periplasmic region, where they become branched and are linked to the existing 
polysaccharide structure.  The cell wall proteins follow the secretory pathway and, 
once outside the cytoplasm, are integrated to the cell wall.  The majority of the 
enzymes and reactions that occur extracellularly are not known, being the 
intracellular cell wall biosynthesis better understood [106, 108]. 
Chitin is a polymer of linear chains of 1,4-β-N-acetylglucosamine residues, 
and is synthesised and deposited in the cell surface by a group of enzymes called 
chitin synthases [10, 107].  The first and rate-limiting step in chitin synthesis is 
catalysed by glutamine-fructose-6-phosphate transaminase, an enzyme that produces 
glucosamine 6-phosphate from glutamine and fructose 6-phosphate [110].  Three 
more steps yield N-acetylglucosamine 6-phosphate, N-acetylglucosamine 1-
phosphate and, finally, UDP-N acetylglucosamine, the substrate of chitin synthases.  
Fungal chitin synthases can be classified into seven classes, according to their amino 
acid similarities [111].  Saccharomyces cerevisiae only has three genes coding for 
chitin synthases [106], while filamentous fungi can have many more (e.g. A. oryzae, 
with eleven genes) which might reflect the greater content of this polymer in the cell 
walls of filamentous fungi when compared to yeasts [107].  Aspergillus nidulans has 
chitin synthases from the seven classes, and a total of eight genes coding for this 
type of enzymes [108, 111].  Despite the great number of chitin synthase genes in 
fungi, they are usually not redundant, and can play distinct roles throughout the 
organism’s life cycle.  For instance, in yeast, Chs1 acts as a repair enzyme during 
cell separation; Chs2 is responsible for the synthesis of chitin at the septum; and 
Chs3 functions as the main source of the polymer in the mother cell, septum and 
during cell wall stress.  In A. nidulans, ChsA is expressed specifically during the 
asexual development [112, 113];  ChsB is present throughout the vegetative growth 
[10, 113]; and expression of ChsC and ChsD is seen duri g the sexual development 
of the fungus [113, 114].  This fungus also contains two chitin synthases with 
myosin motor-like domains, CsmA and CsmB [99, 100, 115].  These domains 
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probably facilitate interaction of the synthases with the actin cytoskeleton and their 
correct localisation at the hyphal tip, being involved in cell wall synthesis at this site.  
With few exceptions, all filamentous and Ascomycota have genes coding for chitin 
synthases with myosin-motor like domains, reinforcing the importance of these type 
synthases in the polarised growth of hyphae [107]. 
Glucans are the more abundant polysaccharides in the cell wall [107].  The 
main one, 1,3-β-glucan, form long, poorly branched chains, covalently linked to 
chitin and other cell wall components.  1,3/1,4-β-glucans and 1,6-β glucans are also 
present, playing minor roles in linking polysaccharides and cell wall proteins to the 
main 1,3-β-glucans chains [106].  While the yeast S. cerevisiae has more than one 
gene involved in 1,3-β glucan biosynthesis, filamentous A comycota have only one 
(fksA in A. nidulans) [107, 108, 116].  The glucan synthase complex catalyses the 
addition of UDP-glucose units, creating a linear chain of increasing length.  The 
main source of UDP-glucose is the pentose phosphate p thway, but alternative 
pathways can be used to generate this substrate [106].  Although lacking in yeast, 
most filamentous Ascomycota contain also 1,3-α-glucans in their cell walls.  Their 
genomes contain one or more genes coding for 1,3-α-glucan synthases, e.g. one in 
the rice pathogen Magnaporthe griseae, two in N. crassa, three in A. fumigatus and 
five in A. niger [107].  Aspergillus nidulans has two genes coding for 1,3-α-glucan 
synthases, agsA and agsB [108, 117, 118].  The synthesis of other important glucans, 
such as 1,6-β-glucans, responsible for cross-linking of chitin and cell wall proteins 
to the main 1,3-β-glucan chain, is not completely understood, neither in yeast nor 
filamentous fungi [106, 108]. 
  Cell wall proteins constitute up to 10% of the fungal cell wall biomass 
[119], and most of their known functions include cell wall synthesis, integrity or 
remodelling or can display other functions, such as hydrophobins, adhesion, ROS 
detoxification and iron acquisition [106-108].  The majority of the cell wall proteins 
are linked to the 1,3-β glucan skeleton by a glycosylphosphatidylinositol (GPI) 
anchor covalently linked to 1,6-β-glucans and usually extending their effector 
domains away from the cell surface [106].  Some GPI-anchored proteins can also be 
found at the surface of the plasma membrane.  A second type of cell wall proteins is 
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found in the skeletal inner layer of the cell wall and are thought to be directly linked 
to the 1,3-β-glucan chains through an ester linkage between a hydroxyl group from 
1,3-β-glucan and a deaminated glutamine residue from internal repeats in their 
peptide sequence.  Other non-covalently linked proteins can also be found associated 
to the cell wall by e.g glycan-binding motifs, ionic interactions or disulphide bonds 
with other cell wall proteins.  There are over 20 cell wall proteins in S. cerevisiae; 
however information on their abundance and role in A. nidulans is rather limited 
[106, 108, 119]. 
Both yeasts and filamentous fungi possess genes coding for chitinases and 
glucanases that are able to cleave and, in some cases, re-form the bonds within and 
between the preformed cell wall polysaccharides [120].  These activities are crucial 
for the re-modelling of the cell wall, especially during growth and morphogenesis. 
As a unique component of the fungal cell, the cell wall has also been 
explored as an important target for antifungal drugs.  Echinocandins, such as 
caspofungin, micafungin and anidulafungin, are noncompetitive inhibitors of 1,3-β-
glucan synthases, preventing the incorporation of glucose monomers to the glucan 
chain [121].  They emerged as promising new therapis alternative to the traditional 
drugs that target ergosterol and its biosynthesis.  However, new reported cases of 
resistance to echinocandins are emerging [122], highlighting the need of new classes 
of antifungal therapies [123].  Polyoxins and nikkomycins, on the other hand, are 
competitive inhibitors of chitin synthases.  Defective synthesis of either 1,3-β-
glucans or chitin leads to weakened cell walls and, consequently, fungal cell lysis 
[101, 124]. 
Upon damage to the cell wall, either chemical or physical, fungi respond by 
activating several genes involved in its biosynthesis, creating conditions that allow 
them to re-establish its integrity.  This is regulated by a signalling cascade better 
understood in S. cerevisiae, called cell wall integrity (CWI) pathway [125, 126] 
(Fig.1.11).  This pathway is also known to be present in a variety of filamentous 
fungi, such as A. nidulans [126] and A. fumigatus [127], but many knowledge gaps 
in their constitution and regulation call for further investigation. Typically, 
activation of the CWI pathway can be attained by chemical agents that act upon and 
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stress the cell wall, such as calcofluor white (chitin antagonist), Congo red (1,3-β-
glucan-binding dye) and cell wall lytic enzymes, or by antifungal agents that perturb 
the cell wall synthesis and composition.  However, it can also be activated during 
growth, at regions of the highly polarised growth, where the cell undergoes the 
greatest wall stress, by hypo-osmotic shock and oxiative and heat stress [125]. 
Overall, these different stimuli culminate in plasma embrane stretch, considered 
the physical stimulus that ultimately activates theCWI pathway.  This is possible 
due to the presence of sensors in the cell surface that detect and transmit alterations 
in the plasma membrane tension. 
 
 
Fig.1.11. Schematic representation of the cell wall integrity pathway of Saccharomyces 
cerevisiae. Adapted from [109]. 
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Five sensors are described for yeast, Wsc1-3, Mid2 and Mtl1 [125].  These 
sensors are transmembrane proteins, imbedded in the plasma membrane and bound 
to the cell wall glucans.  The information of cell wall stress is received by the 
surface sensors and transmitted to a small G-protein (Rho1) through the GEFs 
Rom1-2.  Rho1 then activates a protein kinase in the pathway (Pck1) that is then 
responsible for the phosphorylation and activation of a mitogen-activated protein 
(MAP) kinase cascade.  These MAP kinase cascade is thought to amplify the low 
signal initiated at the cell surface [125].  The downstream effector of this cascade, 
Mpk1 in yeast, is located mainly in the nucleus andis responsible for the activation 
of the transcription factors (e.g. Rlm1, Swi4-Swi6 complex) that will ultimately 
induce the transcription of the cell wall related genes and also of the gene coding for 
the kinase, in a positive-feedback that is thought to intensify the signal.  The CWI 
pathway is not as linear as described above, and its composing elements can perform 
other functions upon cell wall stress conditions.  For example, Rho1 induces the 
activity of the 1,3-β-glucan synthase and influences actin dynamics through 
regulation of the formins (actin-binding proteins) Bni1 and Bnr1, while Pck1 
recruits chitin synthases to the cell surface and seems to induce N-glycosylation of 
cell wall proteins in the endoplasmic reticulum lumen.  Interfaces of the central CWI 
pathway with other signalling pathways is also observed, including calcium 
signalling, sphingolipid and phosphoinositide metabolisms and Tor protein kinases 
[125]. 
Many of the genes involved in the CWI pathway in yeast have homologs in 
filamentous fungi.  However, most likely due to great differences in cell wall 
composition and growth, the CWI pathway of filamentous fungi is not entirely 
identical to that of S. cerevisiae, and need to be further investigated.  Up to know, 
for example, only two membrane sensors have been describ d and characterized for 
A. nidulans, WscA and WscB, and a third protein, homolog to the yeast Mid2, is 
also thought to play a role in the CWI pathway of this filamentous fungus [126, 128, 
129].  Other elements of the pathway, such as the G-protein RhoA, the protein 
kinase PkcA, the MAP kinases BckA, MkkA and MpkA, and the transcription factor 
RlmA have also been identified in A. nidulans, but the overall response of this 
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signalling cascade in filamentous fungi is much different from that of the yeast 
[126].  While in S. cerevisiae the majority of the genes involved in cell wall 
biosynthesis is regulated by the CWI pathway, in A. idulans the homolog pathway 
seem to be essential only for the regulation of the genes involved in 1,3-α glucan 
synthesis and partially for transcription of the first step in chitin synthesis upon cell 
wall stress [125, 126, 128].  All other cell wall related genes are thought to be 
regulated by an alternative, yet uncharacterised, CWI pathway in A. nidulans, 
reinforcing the need for further studies in the characterisation and regulation of cell 
wall integrity pathways in filamentous fungi [130-133]. 
 
 
Fig.1.12. Schematic representation of the cell wall integrity pathway of Aspergillus nidulans. 
Adapted from [109].  
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1.3. Ionic liquids 
The following paragraphs provide only general information on ionic liquids and 
some of the work performed on the understanding of their toxicity, and present 
examples of interesting biological applications of these compounds. Emphasis is 
given whenever possible to studies focussing eukaryotic organisms which are more 
relevant for the present thesis. 
 
Ionic liquids have been described as molten salts that have, by definition, a melting 
point below 100 °C [134].  They are entirely ionic in nature, and usually consist of a 
large asymmetrical organic cation associated with a polyatomic anion that may be 
either organic or inorganic.  In the design of ionic liquids, the asymmetry of the 
cation or anion is preferred over symmetrical species, since the former do not tend to 
pack so easily, therefore rendering salts with a lower melting point [134].  Structural 
modifications can be made either to the anion, to the cation, or in substituents on 
these two species.  Therefore, millions of formulations become possible and, by 
altering their cationic or anionic components, their properties can be tailored [134, 
135].  Their physical and chemical properties (e.g. melting point, viscosity, 
solubility or hydrophobicity and chemical polarity or hydrogen bonding ability, 
respectively) can be tuned to best suit a specific process.  The tuneability of such 
properties rendered ionic liquids as an excellent choice as alternative organic 
solvents in many chemical processes.  They already found application in many 
reactions [136], as solvents [136, 137] and catalysts [138], and show great potential 
in electrochemistry [139, 140]. 
Ionic liquids physical and chemical properties, together with their negligible 
vapour pressure and bulk non-flammability suggested them as potential “green” 
solvents with little associated risk [141-143].  Their negligible volatility 
distinguishes them from traditional organic solvents, reducing the risk of 
atmospheric pollution.  However, the potential releas  of ionic liquid vapours should 
be considered when considering their use at elevated temperatures [144].  
Nonetheless, soil and water contamination, either by accidental spills or waste 
disposal, constitute a serious hazard.  The ecotoxicological assessment of this class 
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of compounds is, therefore, a priority, and should be taken in consideration for the 
conscious design of novel ionic liquids [145]. 
The current interest in ionic liquids toxicity began in the early 2000’s, with 
works like those performed by Pernak and co-workers, which developed new 
cationic surfactants with benzimidazolium or pyridin um cores and evaluated their 
antimicrobial properties, defined by their minimal inhibitory and lethal 
concentrations against bacterial and yeast strains elevant for human health [146].  
The evaluation of the antimicrobial activity of 1-alkoxymethyl-(3-
nicotionylaminomethyl)benzimidazolium, 1-alkoxymethyl-3-(1-benzimidazol-
methylamino)pyridinium, 1-alkoxymethyl-3-[1-(benzotriazol-1-yl)methyl-
amino]pyridinium chlorides and N,N’-bis[3-(1-alkoxymethyl)pyridinium 
chloride]methylenediamine revealed that their toxicity increased with the elongation 
of the alkoxy chain, that varied between 2 to 12 carbon atoms.  This constituted one 
of the first systematic studies on the toxicity of ionic liquids, and served afterwards 
as basis for evaluating the toxicity of many newly synthesised imidazolium- and 
pyridinium-based compounds, including 1-alkoxymethylcarbamoylpyridinium 
chlorides [147], 1-alkyl-3-methylimidazolium chlorides and bromides; 1-alkyl-3-
hydroxyethyl-2-methylimidazolium chlorides [148] , 1-alkoxymethyl-3-
methylimidazolium chlorides, tetrafluoroborates and hexafluorophosphates [149], 
1,3-dialkoxymethylimidazolium chlorides [150], 1-alky - and 1-alkoxy-
methylimidazolium lactates [151], 1-alkoxymethyl-3-hydroxypyridinium and 1-
alkoxymethyl-3-dimethylaminopyridinium chlorides [152].  The data revealed a 
clear trend towards a stronger toxic effect of ionic liquids with the increase in the 
length of the alkyl or the alkoxy side chain.  The effect of the anions on the observed 
toxicities seemed to be secondary to the effect of he cations, but their broad 
diversity did not allow a conclusive analysis. 
These initial studies inspired an escalating number of investigations of the 
toxic effects of several ionic liquids, expanding the research for other biological 
models.  For example, the toxic effects of ionic liquids with 1-alkyl-3-
methylimidazolium as the cation were analysed against leukemia and glioma rat cell 
lines [153], human HeLa cell lines [154] and the worm Caenorhabditis elegans 
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[155] and the toxicity of pyridinium-based ionic liquids has been analysed using the 
freshwater snail Physa acuta [156], the zebra mussel Dreissena polymorpha [157], 
and the green algae Pseudokirchneriella. subcapitata [158], focussing on the effect 
of the alkyl side chain on the pyridinium cation.  The effects of imidazolium- and 
pyridinium-based ionic liquids in the bioluminescen of the bacterium Vibrio 
fischeri was analysed [159].  Bacterial bioluminescence is directly linked to cellular 
respiration, so decrease in luminescence is indicative of toxicity.  A correlation 
between toxicity and the 1-octanol/water partition coefficient of the cation was 
proposed, suggestive of higher lipophilicity with te increase in the length of the 
alkyl side chain and, therefore, greater interaction with the cell surfaces. 
Other cationic head groups were also subject to investigations on their toxic 
effects, such as the aromatic quinolinium-based cations.  Despite rarely studied, 
these ionic liquids showed great antimicrobial properties and cytotoxicity potential 
that increased with the elongation of the substituted alkyl chain [144, 160].  The 
effects of ionic liquids with nitrogen-containing alicyclic cations, namely 
pyrrolidinium, piperidinium and morpholinium, were also investigated, e.g. their 
aquatic toxicity against the zebrafish (Danio rerio) [161], and their cytotoxicity 
against mammal cell lines [162, 163].  It was observed that increasing the number of 
carbon atoms in the alicyclic ring generally increas s toxicity, e.g. the piperidinium 
cation (six-member rings) was more toxic than the pyrrolidinium cation (five-
member rings) [163].  The morpholinium ionic liquids, due to the incorporation of 
an oxygen atom in the ring, were the least toxic of these alicyclic cations.  
Furthermore, the non-aromatic head groups appeared to be generally less toxic than 
their aromatic equivalents [162, 163].  Their lower toxicity, relative to the 
corresponding aromatic rings, was generally evident in the bioassays with models, 
such as V. fischeri, the algae Scenedesmus vacuolatus and the aquatic plant  Lemna 
minor [164].  .  As observed for imidazolium- and pyridinium-based ionic liquids, 
the length of the alkyl chains in the cation plays a major role in the toxicity of 
piperidinium- and pyrrolidinium-based ionic liquids [163, 165], while the anions 
have an unpredictable effect. 
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Quaternary ammonium salts have already been known and studied for a 
considerable time, and were widely explored in numerous applications, such as 
disinfectants, surfactants, antistatic agents and catalysts [166].  Their properties 
depend on the chain length and functional groups, and on the anion [167].  Pernak 
and co-authors were the firsts to consider their ant microbial activity against relevant 
strains, which was, as expected, governed by the length of the alkoxy and alkyl side 
chains [168, 169].  The toxicity of ammonium ionic liquids against other biological 
models were also tested, including the bioluminescent bacterium V. fischeri [170], 
the fresh water crustacean Daphnia magna and the algae P. subcapitata [171, 172], 
zebrafish [172], and cell lines [165].  The toxicity trends previously described for 
other cationic head groups were also observed, i. . the highest toxicity was observed 
for those carrying the longest alkyl chains and could be well correlated with the 
cation lipophilicity. 
Some of the most interesting groups of quaternary ammonium-based ionic 
liquids are those containing the cholinium cation (2-hydroxyethyl-
trimethylammonium cation).  Its combination with benign anions constituted a 
major advance in the design of biocompatible ionic liquids [173-180].  The low 
toxicity of many cholinium ionic liquids have been demonstrated, including those 
carrying as anions, e.g. saccharinate and acesulfamate [181],  dimethylphosphate 
[182], phosphate-based anions [183],  lactates [184], and alkanoates [185].  The last 
were analysed for the first time against filamentous f ngi of the genus Penicillum, 
and included a range of linear alkanoate anions and two structural isomers [185].  
Their toxicity increased with the chain length of the anion, being the branched 
isomers less toxic than the corresponding linear ones with the equal number of 
carbon atoms.  These cholinium alkanoates displayed, also, high biodegradability 
potential and great solvent ability [186]. 
Despite imidazolium- and pyridinium-based ionic liquids are still the most 
extensively explored, the focus of interest in ionic liquids research is moving 
towards other cationic groups, such as the quaternary phosphonium ones.  These 
ionic liquids are currently produced in tonne quantities, particularly by Cytec 
Industries Inc. [187], further highlighting the need for their ecotoxicological 
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assessment, still seldom investigated.  Some halides, .g. with the 
tetrabutylphosphonium cation, showed levels of toxicity against the freshwater snail 
P. acuta that were comparable to imidazolium-based ionic liquids carrying the same 
chain length [156].  The antimicrobial properties of a series of 
alkyltrihexylphosphonium halides demonstrated a significant role of the structure of 
the cation in their toxicity, since the antimicrobial activity of the phosphonium 
chlorides decreased for the longest alkyl chains (8 to 14 carbon atoms) [188].  The 
apparently high toxicity of tetraalkylphosphonium halides against V. fischeri and 
D. magna [170, 171] and P. subcapitata [171, 189] was also demonstrated, as well 
as their cytotoxicity against human and rat cell lines [165, 190].  The lack of 
systematisation in these studies, however, did not all w a conclusive rationalisation, 
a general problem when evaluating the toxicity of the highly diverse groups of ionic 
liquids [145]. 
The better knowledge of ionic liquids toxicity is cru ial to identify their 
mechanisms of action and further advance towards their conscious design.  
Investigations on ionic liquids mechanisms of toxicity are, however, rather limited.  
The hydrophobic interaction between ionic liquids and biological membranes has 
been proposed as a main mechanism of toxicity of ionic liquids, largely supported 
by the observation that their toxic effects increase with the elongation of the side 
chains.  This non-specific toxicity, called baselin toxicity or narcosis [191], appear 
correlated with the 1-octanol/water partition coefficients, suggestive of an increase 
in either the cation or anion lipophilicity with the increase in the number of carbons 
of the side chains [164], leading to greater probability of interaction with biological 
membranes.  Liposomes, i.e. phospholipid vesicles, were used to assess the effects 
of some ionic liquids in cellular membranes [192].  As an example, 1-octyl-3methyl-
imidazolium cation was demonstrated to cause severe disruptions in a supported 
phospholipid bilayer [193].  Molecular dynamics simulation studies also tried to 
demonstrate the interactions of ionic liquids with artificial lipid bilayers [194, 195].  
Despite the fact that this could be observed, only with real biological systems, and 
all their intrinsic complexity, the true effects of ionic liquids on biological 
membranes can be observed. 
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Investigating ionic liquids mechanisms of toxicity is not only necessary for a 
complete understanding of their environmental impact but is also necessary for the 
development of new green, environmentally friendly processes.  As an example, the 
biocompatible and biodegradable cholinium alkanoates have been observed to have 
a great solvent ability towards the plant polymer suberin [185, 186].  Cholinium 
hexanoate was successfully employed in the extraction of suberin from cork, 
partially preserving the native structure of this polymer, which allowed, for the first 
time, the formation of suberin films with antibacterial properties [186, 196-198].  
The deeper knowledge on ionic liquids toxicity can lso can open doors for 
exploring their use in new biological applications.  A good example of their early 
applications was the innovative use of 1-alkoxymethyl-3-methylimidazolium 
tetrafluoroborate in embalming and tissue preservation [199] and as a wood 
preservative [200], exploring their antimicrobial activity as a replacement for the 
highly volatile and toxic formalin. 
The potential use of ionic liquids as drugs for important etiological agents is 
also under current investigation.  For example, imidazolium-based ionic liquids have 
been explored for their potential in combating Plasmodium falciparum [201] and 
Trypanosoma cruzi [202], the causative agents of malaria and Chagas disease, 
respectively.  Another good example is choline-geranate that has been proposed as a 
coadjutant in the treatment of wound infections, due to its antimicrobial activity, 
minimal toxicity to epithelial cells as well as skin, and effective permeation 
enhancement for drug delivery [203]. 
Probably one of the most interesting and promising applications of ionic 
liquids is their combination with active pharmaceutical ingredients (APIs) [204].  
These pure liquid salt forms of active pharmaceutical ngredients (API-ILs) are 
considered as a novel strategy to overcome existing problems with solid-state APIs, 
potentially allowing their liquefaction and, when combined with adequate ionic 
counterparts, improving the delivery of drugs.  Several drugs have already been 
successfully synthesised in their API-ILs form, such as the anti-inflammatory 
ibuprofen, the antibiotic amoxicillin, and the anaesthetic procaine [204].  Ionic 
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liquids are also explored to increase the solubility of insoluble drugs and enhance 
their topical and transdermal delivery [205, 206]. 
Rather unexplored is the potential of ionic liquids to induce metabolic 
alterations and stress responses in living organisms that might be of great interest in 
biological sciences.  The recent demonstration thationic liquids might occur in 
nature opens unexpected paths of their impact in biological sciences.  The study 
revealed that a protic ionic liquid is formed during the confrontation of two ant 
species, Solenopsis invicta and Nylanderia fulva, as a form of defence mechanism 
against the venom of the former ant species [207].  Another good example of their 
potential in biological sciences is the observation hat ionic liquids were able to alter 
the metabolic profile in filamentous fungi [184].  This study suggested that fungal 
cultures respond to specific ionic liquids by changing their cell biochemistry, 
resulting in an altered pattern of secondary metabolites.  Ionic liquids show a 
tremendous potential to induce unique stress responses i  living organisms, and can 
actually be explored as a powerful tools in biological sciences, bring a new boost of 
interest in the ionic liquids research. 
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1.4. Objectives 
The present thesis aims initially at the better understanding of the mechanisms of 
toxicity of ionic liquids.  Having as main methodologies fluorescence microscopy, 
gene expression analysis by quantitative real-time PCR, molecular dynamics 
simulations and high performance liquid chromatography, we investigated the 
effects and mechanisms of toxicity of four families of ionic liquids, namely 
alkyltributylphosphonium chlorides (Chapters II and III), 1-alkyl-3-
methylimidazolium chlorides, cholinium alkanoates and alkyl-(2-hydroxyethyl)-
dimethylammonium bromides (Chapters IV and V).  The organism of study was the 
model filamentous fungus Aspergillus nidulans, which genome is completely 
sequenced and available.  This thesis also aims at proposing the use of ionic liquids 
as prospective tools to unravel unknown and uncharaterised cellular and/or 
molecular processes in filamentous fungi and, potentially, other living organisms. 
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2.1. Abstract 
 
The mechanism of toxicity of alkyltributylphosphonium chlorides [P4 4 4 n]Cl (n = 1, 
3-8, 10, 12 or 14) in the conidia of the filamentous f ngus Aspergillus nidulans is 
reported.  Systematic elongation of one of the alkyl substituents resulted generally in 
higher toxicity, as defined by their inhibitory and lethal effects.  In this study, 
fluorescence microscopy is proposed as a direct method for assessing the impact of 
ionic liquids on the plasma membrane integrity.  Data was complemented by 
microscopic evaluation of the conidia cell wall and morphology.  The higher toxicity 
of phosphonium ionic liquids carrying long alkyl substituents is most likely due to 
their strong interaction with the conidia cellular boundaries. 
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2.2. Introduction 
 
The potential of ionic liquids has been thoroughly explored over the last two 
decades.  From estimated millions of possible formulations [1], several hundred 
ionic liquids are already well known and characteris d [2].  Ionic liquids are 
generally defined as salts that are liquid below 100 °C [1]. and some are regarded as 
green solvents due to their excellent solvation capa ity, negligible vapour pressure, 
and bulk non-flammability [3].  Their inherent poten ial comes also from their 
structural diversity and tuneable physical and chemical properties.  However, ionic 
liquids comprise a very heterogeneous group of fluids that are not intrinsically 
green: some are toxic and non-biodegradable, as seen in recent reviews on their 
biodegradability and environmental impact [4, 5]. 
A considerable amount of data is now available on the chemistry [1] and 
physical properties [2] of ionic liquids, and numerous applications have been already 
proposed [6].  Imidazolium ionic liquids are still at the heart of most of these 
studies, but the focus of interest is moving towards other cationic groups.  These 
include quaternary phosphonium ionic liquids, some of which are currently 
produced in tonne quantities, particularly by Cytec Industries Inc. [7].  They are 
generally considered thermally and chemically more stable (the latter due to the 
absence of an acidic proton) than the quaternary ammonium or imidazolium salts [8, 
9].  Their properties, including biological activity, have inspired numerous patents 
for a broad range of applications, e.g. intermediates in the chemical synthesis of 
terpenes [10], antistatic agents [11], biocides, either alone [12] or combined with 
other compounds [13, 14], plant growth regulators [15] and anti-cancer agents [16]. 
Amongst the quaternary phosphonium ionic liquids, the 
tetraalkylphosphonium ones are, to present, the most studied.  They have been 
already investigated for diverse applications, e.g. solvents in separation processes 
[17, 18] and phenol bioremediation [19], media for chemical reactions [20, 21], 
lubricants [22], and antimicrobial [23] and anti-can er agents [24].  In the search for 
benign counterions, tetraalkylphosphonium cations were combined with various 
amino acids [25, 26] or acesulfamate [27]. 
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Up to now, there are only few studies regarding the toxicity of phosphonium 
ionic liquids.  Their apparent high toxicity was observed in various aquatic 
organisms, i.e. Vibrio fischeri and Daphnia magna [28, 29], and 
Pseudokirchneriella subcapitata [29, 30].  To the best of our knowledge, the only 
systematic study on tetraalkylphosphonium ionic liquids was performed with 
[P6 6 6 n]Cl (n = 6 to 16) [31].  Toxicity against several bacterial and yeast strains was 
shown to generally increase with the elongation of the alkyl substituent.  This 
toxicity trend has also been observed for different io ic liquids cations [32, 33], and 
correlates well with the cation lipophilicity [34]. 
In this work, we present a toxicity and biodegradability assessment of 
[P4 4 4 n]Cl, where n = 1, 3-8, 10, 12 or 14, towards Aspergillus nidulans.  Their 
inhibitory and lethal effects against fungal conidia were, as expected, determined by 
the length of the alkyl substituent in the cation.  To better understand their 
mechanism of toxicity, we have also observed their effect on the integrity of conidia 
boundaries and morphology.  Fluorescence microscopy has been used previously to 
illustrate the effect of a single imidazolium-based ionic liquid on eukaryotic cells 
(HeLa cells) [35].  However, this is the first systematic study where the interaction 
of ionic liquids with cellular boundaries is being accounted for with fluorescence 
microscopy.  This technique allowed a direct measure of their effect, strongly 
suggesting that narcosis [36-38] is the basis of their oxic action. 
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2.3. Experimental 
 
2.3.1. Chemicals 
All compounds used in the preparation of minimal media and in plasma membrane 
and cell wall integrity assays, with the exception of NaCl (Panreac, 99.5%), were 
purchased from Sigma Aldrich: D(+)-glucose, K2HPO4, ZnSO4·7H2O, CuSO4·5H2O, 
FeSO4·7H2O, MgSO4·7H2O, NaNO3 and KCl; and dimethylsulfoxide (dmso; 
99.5%), propidium iodide (≥ 94%, stock solution 20 mM in dmso), Calcofluor 
White M2R (Fluorescent Brightener 28, stock solution 5 mM in water) and glycerol 
(≥ 99.5%), respectively.  Deuteriated propanone used in the biodegradability 
assessment was purchased from EURISO-TOP (France). 
 
2.3.2. Ionic liquids 
All ionic liquids used in this study were prepared by QUILL (Queen´s University 
Ionic Liquids Laboratory, Belfast, UK), except for [P4 4 4 4]Cl and [P4 4 4 14]Cl which 
were supplied by Cytec Industries, Canada.  The comprehensive study on synthesis 
and physicochemical properties of these ionic liquids have already been published 
elsewhere [39].  [P4 4 4 n]Cl, where n = 3, 5-8, 10 or 12, were prepared by 
nucleophilic (SN2) addition of tributylphosphine to the respective 1-chloroalkane.  
[P4 4 4 1]Cl was synthesised by a neutralisation reaction of methanolic 
tributylmethylphosphonium methylcarbonate with conce trated aqueous 
hydrochloric acid.  Ionic liquids were characterised by 1H, 13C and 31P NMR 
spectroscopy, mass spectrometry, CHN elemental analysis, and halide and water 
content analyses. 
 
2.3.3. Fungal strain 
Aspergillus nidulans strain FGSC A4 was cultivated on dichloran-glycerol (DG18) 
agar (Oxoid) for five to six days at 27 °C.  Conidia were harvested with a solution of 
0.85 wt.% NaCl and  0.1 % v/v Tween 20 (polyoxyethylene (20) sorbitan 
monolaurate) and filtered through glass wool.  The suspension was washed three 
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times with 0.85 wt.% NaCl, resuspended in a cryoprotective solution containing 
0.85% w/v NaCl and 10% v/v glycerol and stored at -80 °C until further use. 
 
2.3.4. Toxicity tests 
The toxicity of ionic liquids to A. nidulans was evaluated by determining their 
minimal inhibitory (MIC) and fungicidal concentrations (MFC), distinguishing 
between growth inhibition and death, respectively.  The minimal culture 
medium containing glucose (1.0 g l-1) and K2HPO4 (1.0 g l
-1) was dissolved in 
distilled water, sterilised in an autoclave (20 min; 121 °C), and supplemented with 
the mixture of essential salts, previously sterilised by filtration: NaNO3 (3.0 g l
-1), 
ZnSO4·7H2O, (0.01 g l
-1), CuSO4·5H2 O(0.005 g l
-1), MgSO4·7H2O (0.5 g l
-1), 
FeSO4·7H2O (0.01 g l
-1) and KCl (0.5 g l-1).  The ionic liquids were added to the 
minimal culture media with final concentrations from 10 µM to 95 mM (distributed 
stepwise from 1.25 µM to 2.5 mM).  Each liquid medium (1 cm3) was inoculated 
with a suspension of fungal conidia, in order to obtain the final concentration of 105 
conidia per cm3, and divided into four wells (0.25 cm3 each) of a 96-well microtitre 
plate.  Cultures were incubated in the dark, at 27 °C, for seven days.  Fungal growth 
(or lack thereof) was evaluated at the end of incubation, gauging by eye the 
formation of mycelium (turbidity) and/or conidia.  The lowest concentration that 
inhibited growth was taken as the MIC.  Additionally, all the samples where no 
active growth was detected were used as inocula and spread, with a 1 µl loop, onto 
malt extract agar medium (Oxoid).  The plates were incubated in the dark, at 27 °C, 
for seven days.  The lowest concentration of the testing compound which resulted in 
unviable conidia was taken as the MFC.  MIC and MFC values should not be 
interpreted as absolute ones, but rather as an indication of the inhibitory and the 
fungicidal upper concentration limits. 
 
2.3.5. Membrane and cell wall integrity assays 
Four ionic liquids were chosen for the plasma membrane and cell wall integrity 
assays, namely [P4 4 4 n]Cl, where n = 1, 4, 8 or 12.  The selected testing 
concentrations (0.01, 0.1, 1, 10 and 100 mM) range below and above the previously 
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obtained MIC and MFC values in order to facilitate th comparison of ionic liquids 
effects.  Sodium chloride solutions (0.05, 0.5, 1 and 2 M) were included as osmotic 
stress controls (membrane integrity assays). 
Aspergillus nidulans was cultivated on DG18 agar, at 27 °C, in the dark, for 
5-6 days prior to harvest.  Conidia were harvested with a saline solution (0.85% w/v 
NaCl) and used immediately.  A suspension of 106 conidia per cm3 of the testing 
ionic liquid solution was incubated for one hour at 27 °C under agitation (90 rpm).  
The incubation time for cell wall integrity assay was prolonged to two and four 
hours, since within the first hour no significant al erations were detected for 
[P4 4 4 1]Cl and [P4 4 4 4]Cl.  In both assays, conidia suspension was centrifuged 
(15 000 rpm, 4 °C) and washed three times with a saline solution in order to remove 
the ionic liquid.   
For the membrane integrity assay, conidia were incubated afterwards with 
propidium iodide (PI) (λex = 538 nm, λem = 617 nm, red), at the final concentration of 
20 µM, for 15 min, at 27 °C in the dark and under agitation.  Residual dye was 
removed by centrifugation (15 000 rpm, 4 °C) and washing (3×) and conidia were 
resuspended in 100 µl of saline solution with 10% v/v glycerol.  Slides were 
mounted with 10 µl of the obtained suspension, in triplicates (techni al replicates).  
Conidia were observed with an Axio Imager.M1 fluoresc nce microscope (Zeiss) 
using a 15 AlexaFluor 546 filter set (PI-stained conidia) and differential interference 
contrast (DIC, total number of conidia).  The objective was an EC Plan-Neofluar 
with 40× magnification and images were captured with an ORCA-ER digital camera 
(Hamamatsu).  Three fields of view from each slide w re chosen randomly.  
Counting of conidia was carried out manually in JMicroVision v1.27.  The 
percentage of membrane-damaged cells was obtained as (number of PI-stained 
conidia / total number of conidia) × 100.  The experim nt was repeated three times.  
When membrane damage was higher than 50%, the assaywa  repeated with shorter 
exposure periods (15, 30 and 45 minutes).  
In the cell wall integrity assay, conidia were stained with Calcofluor White 
(CFW) (λex = 346 nm, λem = 460 nm, blue), at the final concentration of 25 µM, 
incubated for 30 min at 27 °C, in the dark, under agitation and further processed as 
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described above.  In this assay, a 49 DAPI filter set (CFW-staining) and DIC were 
used with a Plan-Apochromat 63× oil immersion objectiv .  Three fields of view, 
chosen randomly from each slide, were imaged.  The experiment was repeated 
twice.  This assay provided only qualitative analysis of the alterations of the cell 
wall. 
The water activity (aw) of some testing solutions was determined with a 
portable water activity indicator (HydroPalm AW1) following the manufacturer’s 
instructions at 27 ºC. 
 
2.3.6. Scanning Electron Microscopy 
Freshly harvested conidia of A. nidulans (as described in the previous subsection) 
were incubated with a 100 mM solution of [P4 4 4 n]Cl, where n = 1, 8 or 12, at a final 
concentration of 106 conidia per cm3.  After two hours at 27 °C under agitation, 
conidia were centrifuged and washed (4×) with saline solution in order to remove 
the ionic liquid.  Water was removed from the samples by lyophilisation and coated 
with a 15 nm layer of Au/Pd using a sputter coater (ex-Polaron E5100).  Electron 
micrographs were recorded using an analytical field emission gun-scanning electron 
microscope (FEG-SEM: JEOL JSM7001F with Oxford light elements EDS detector) 
operated at 2 kV.  The selected micrographs, from the biological triplicates, are 
regarded as representative ones of the overall sample (5000×) and individual conidia 
(15000×). 
 
2.3.7. Biodegradability assessment 
Concentrations of ionic liquids used in the biodegradability assay were 
approximately one half of the previously determined MIC values.  Fungal cultures 
of 20 cm3 were inoculated as described in the subsection Toxicity tests, and 
incubated in the dark at 27 °C under agitation (90 rpm) for 21 days.  The culture 
extracts were filtered (glass fibre prefilters) and lyophilised to remove water.  Solid 
remains were dissolved in 1 cm3 of deuteriated propanone, filtered and analysed by 
1H and 31P NMR spectroscopy. 
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2.4. Results and Discussion 
 
In the present work, the toxicological assessment of a series of quaternary 
phosphonium ionic liquids, namely [P4 4 4 n]Cl, where n = 1, 3-8, 10, 12, or 14 
(Fig. 2.1), was performed.  While the [P6 6 6 n]
+ series of ionic liquids [31], and some 
based on the [P4 4 4 n]
+ cation [40], have already been investigated for their 
ecotoxicity, this is the first systematic study on [P4 4 4 n]Cl. 
 
 
Fig. 2. 1.  The structure of the alkyltributylphosphonium cation, [P4 4 4 n]
+, where n = 1, 3 - 8, 
10, 12 or 14. 
 
 
Filamentous fungi of the Penicillium genus show high tolerance and 
biodegradation ability towards different groups of ionic liquids [41, 42].  Aspergillus 
nidulans (whose genome is fully sequenced), due to its highphylogenetic correlation 
with Penicillium spp. [43], was therefore selected for this study. 
The toxic effect of the [P4 4 4 n]Cl (n = 1, 3-8, 10, 12 or 14) was defined 
solely by the cation structure, and for n ≥ 4 increased, almost exponentially, with the 
elongation of the alkyl chain substituent (Table 2.1 and Fig. 2.2A).  MIC and MFC 
values were distributed over a broad range (Table 2.1), e.g. MICs of [P4 4 4 4]Cl and 
[P4 4 4 14]Cl were 37.6 and 0.011 mM, respectively.  The toxicity of [P4 4 4 n]Cl (n = 4-
8, 10, 12 or 14) as a function of the cation might be explainable, despite its 
limitations, by the 1-octanol/water partition coefficient, log10(k0).  For [P4 4 4 4]
+ and 
[P6 6 6 14]
+, log10(ko) values were 2.5 and 6.9, respectively [34].  They suggest a 
relative scale of hydrophobicity for [P4 4 4 n]
+ when n ≥ 4, which is expected to 
increase linearly with the increase of the number of carbon atoms in the alkyl 
substituent. 
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While considering the MFC values, [P4 4 4 n]Cl, where n = 1, 3 or 4, reported 
similar lethal effects.  Their inhibitory effects showed that [P4 4 4 3]Cl was an 
exception, since the MIC value was higher than expected, when compared with 
[P4 4 4 1]Cl and [P4 4 4 4]Cl.  No clear explanation exists for this observation.  It might 
be hypothesised that the longer alkyl substituents will lead to toxicity, probably by 
interaction with the cellular boundaries.  Therefor, for [P4 4 4 n]Cl, where n = 1, 3 or 
4, the effect will be reasonably similar, i.e. controlled by the three butyl substituents. 
 
Table 2.1.  Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) 
of the alkyltributylphosphonium chlorides, [P4 4 4 n]Cl, defined for Aspergillus nidulans. 
 
n MIC / mM MFC / mM 
1 32.5 92.5 
3 77.6 87.6 
4 37.6 85.23 
5 7.53 17.56 
6 4.52 7.03 
7 1.91 2.41 
8 0.8 0.9 
10 0.24 0.24 
12 0.021 0.021 
14 0.011 0.011 
 
 
The toxicity trend herein observed has been reported before in numerous 
studies focussing on other common groups of ionic liquids, such as the imidazolium 
and ammonium derivatives [32, 33].  This trend, as aforementioned, is usually 
correlated with increased lipophilicity of the ionic l quids [34].  Through interaction 
with biological membranes, chemicals may cause a loss f membrane integrity, 
leakage of intracellular material and, ultimately, cell death.  Apart from studies on 
artificial models of the cell membrane (i.e. supported phospholipid bilayers [44] or 
liposomes [45]), to the best of our knowledge, hither o no direct evidence of this 
effect has been reported in the ionic liquid literau e.  Infrared spectroscopy has been 
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used as an attempt to directly detect the fraction of ionic liquid bound to the bacterial 
cells [46].  When applied to whole cells, however, the bioaccumulated and the 
bioadsorbed fractions are equally accounted for. Interestingly, using a similar 
method, it was possible to detect compositional alter tions in the cell wall of 
diatoms after exposure to [C4mim]Cl [47]. 
In this study, a rapid method to detect the effects of ionic liquids in cellular 
boundaries is proposed, instead of determining their fate in loco.  Alterations of the 
plasma membrane integrity are commonly identified by microscopy or detection of 
intracellular components leakage [48].  While considering the former, fluorescence 
microscopy is a reliable technique for observation f cellular structures of 
filamentous fungi [49].  Propidium iodide (PI) and Calcofluor White (CFW) 
fluorescent probes were successfully used in fungi for a rapid assessment of viability 
and membrane integrity [50] and cell wall detection [51, 52], respectively.  PI can 
only enter membrane-damaged cells where it binds to nucleic acids (detected as red 
fluorescence). 
Aspergillus nidulans conidia were exposed to distinct concentrations of 
[P4 4 4 n]Cl (n = 1, 4, 8 or 12) for one hour and stained with PI. The concentrations 
selected were 0.01, 0.1, 1, 10 and 100 mM, covering values below and above the 
MFC for all tested ionic liquids.  For each testing condition a percentage of cells 
with membrane damage was determined.  The saline solution control (0.85% wt. 
NaCl) showed approximately 5% of conidia with membrane damage, considered as 
a basal level of injured cells or a consequence of the harvesting procedure.  The 
water activity (aw) of the ionic liquid solutions was equal to that of distilled water 
(aw = 1).  In addition, after exposing conidia to sodium chloride solutions up to 2 M 
(aw ≥ 0.937), the level of membrane damage was similar to that observed in the 
saline solution control. Both observations, suggest that membrane damage observed 
after exposure to ionic liquids was not due to osmotic stress. 
Percentages of membrane-damaged conidia after exposure to concentrations 
below MFC values of [P4 4 4 n]Cl, where n = 1, 4, 8 or 12, were reasonably similar to 
the control (Table 2.2, Figure 2.2B).  Obviously, the increase in concentration, still 
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below the MFC, was followed by a slight increase in the number of membrane-
damaged cells (~ 4 to 14%).   
 
Fig. 2.2. A) Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) 
of the alkyltributylphosphonium chlorides, [P4 4 4 n]Cl, where n = 1, 3 - 8, 10, 12 or 14, 
defined for Aspergillus nidulans.  MIC and MFC values are plotted on a logarithmic scale.  
B) Percentage of membrane-damaged conidia after one hour of incubation with 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1, 4, 8 or 12), obtained as 
(number of propidium iodide-stained conidia / total number of conidia) × 100. 
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Fig. 2.3. Membrane integrity assay.  Conidia were treated with 100 mM of 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1, 4, 8 or 12), during one hour and 
stained with propidium iodide, PI.  Left column (A - E) shows totality of conidia in the 
differential interference contrast (DIC); right column shows PI-stained conidia (A´ - E´).  
Observed fluorescence indicates membrane-damaged coni ia in: A, A´ saline solution 
control; B, B´ n = 1; C, C´ n = 4; D, D´ n = 8 and E, E´ n = 12.  Scale bar (E’): 20 µm. 
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While testing ionic liquids concentrations above thMFC value (i.e. leading 
to cell death), the [P4 4 4 n]Cl with shorter (n = 1 or 4) and longer (n = 8 or 12) alkyl 
substituents induced moderate and severe membrane dmage, respectively.  
[P4 4 4 8]Cl and [P4 4 4 12]Cl at the lowest ionic liquid concentrations causing death, 
show membrane damage in 55% and 86% of the conidia, respectively.  The values 
for [P4 4 4 1]Cl and [P4 4 4 4]Cl, however, did not exceed 20% and 33%, respectivly.  
This is illustrated in Fig. 2.3, where the total number of conidia in each field of view 
obtained at the DIC (A - E) can be compared with the number of conidia stained by 
PI (A´ - E´) in the control or in 100 mM solution of the ionic liquid.  An extremely 
high degree of plasma membrane damage could be observed for [P4 4 4 n]Cl, where 
n = 8 or 12. 
 
Table 2.2.  Percentage of membrane-damaged conidia after one h ur of incubation with 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1, 4, 8 or 12), obtained as 
(number of propidium iodide-stained conidia / total number of conidia) × 100.  Percentage of 
membrane-damaged conidia in the saline solution control was 5.11 %.  Emboldened values 
were obtained with concentrations above the MFC.  The standard deviation of biological 
triplicates is shown in parenthesis. 
 
n Ionic liquid concentration / mM 
 0.01 0.1 1 10 100 
1 4.9 (0.7) 5.7 (1.0) 8.7 (2.9) 14.0(4.5) 19.7 (3.4) 
4 4.3 (0.4) 5.0 (0.4) 8.2 (1.5) 9.8 (4.2) 32.7 (4.3) 
8 7.3 (3.2) 11.1 (1.0) 54.8 (0.9) 81.6 (3.0) 93.9 (1.5) 
12 11.6 (2.4) 86.2 (4.2) 90.8 (4.6) 93.6 (2.3) 95.3 (0.2) 
 
 
Disruption of membrane permeability, apparently ruling the toxicity of the 
alkyltributylphosphonium chlorides carrying the longer alkyl substituents (n > 4), is 
not the main mode of toxicity for the shorter ones.  High percentages of membrane 
damage within a short exposure time suggest that toxicity is probably due to loss of 
plasma membrane integrity, as reported before for other compounds [50].  
Permeabilisation of the plasma membrane might also be associated with the late 
stage of apoptosis (programmed cell death); however, even after two hours, 
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apoptotic cells of A. nidulans show intact plasma membranes [53].  In our study, 
when the percentage of membrane-damaged conidia was higher than 50% 
([P4 4 4 n]Cl, where n = 8 or 12), the assay was repeated with shorter exposure periods 
(15, 30 and 45 minutes).  The percentages of membrane-d maged conidia were 
similar, regardless of the exposure time (data not sh wn).  These data make apparent 
that the observed membrane damage is a direct effect o  the ionic liquids.  Severe 
membrane disruption also explains the similarity betwe n the observed MIC and 
MFC values, indicating that inhibition of fungal growth is accomplished by cell 
death. 
In order to better understand the interactions of these ionic liquids with the 
conidia boundaries, the cell wall was also investigated.  It is a well-organised 
complex of glucans, mannoproteins and chitin (constituting ~20% of cellular 
biomass) [54], crucial for maintaining cell morphology and acting as a barrier 
against mechanical and environmental stress.  CFW is a fluorescent probe that binds 
to chitin and glucans of the cell wall.  When stained with CFW, conidia with intact 
cell walls show a homogenous distribution of fluoresc nce, when observed under the 
microscope (see Fig. 2.4A).  If the continuity of the conidia cell wall is disrupted, 
heterogeneous binding of CFW and irregular distribuion of the fluorescence is 
expected.  This fluorescent dye was successfully used to detect cell wall alterations 
provoked by chemical [52] or environmental stress [55].  Aspergillus nidulans 
conidia were treated with [P4 4 4 n]Cl (n = 1, 4, 8 or 12) for one hour, at the 
concentrations used in the previously described membrane damage assessment.  
[P4 4 4 n]Cl with concentrations above the MFC, where n = 8 or 12, were leading to 
alterations in the fluorescence distribution on theconidia cell wall classified as 
moderate and strong, respectively.  However, in the case of n = 1 or 4, no alterations 
were observed.  The influence of exposure time, namely one, two or four hours, is 
exemplified for [P4 4 4 n]Cl (n = 1 or 12) in Fig. 2.4B and 2.4C.  After two and four 
hours, concentrations above the MFC of all tested ionic liquids caused a greater 
effect in the fluorescence distribution compared with one hour exposure, with the 
exception of [P4 4 4 1]Cl.  Excluding the latter, concentrations above thMFC values 
appeared to cause cell wall damage.  This suggests tha , along with membrane 
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damage, cell wall damage plays an important role in the toxicity of [P4 4 4 n]Cl.  Sena 
et al. also suggested this, based on the observation that alg e mutants lacking cell 
walls showed, relatively to the wild type, higher and similar susceptibility to 
tetrabutylammonium bromide and 1-butyl-3-methylimidazolium bromide, 
respectively [56]. 
 
 
Fig. 2.4.  Cell wall damage assay.  Conidia were treated with 100 mM of 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1 or 12), during one, two or four hours 
and stained with Calcofluor White M2R (CFW).  A) saline solution control; B) no obvious 
alteration of the cell wall in the presence of [P4 4 4 1]Cl (even distribution of fluorescence); C) 
significant cell wall damage in the presence of [P4 4 4 12]Cl.  Bar = 10 µm. 
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Fungal cell wall damage is also expected to cause alterations in the overall 
morphology of conidia.  Some of these changes were not d in the DIC of cells 
treated with ionic liquids for two hours or more (data not shown) and confirmed by 
FEG-SEM.  The A. nidulans conidia from control samples showed a typical 
spherical morphology, with a convoluted surface [57].  Amongst the selected ionic 
liquids for this analysis, only [P4 4 4 1]Cl treatment presented conidia with 
morphology similar to the control.  [P4 4 4 8]Cl and [P4 4 4 12]Cl caused major 
alterations resulting in an irregular shape (Fig. 2.5).  The conidia of the control 
sample and treated with [P4 4 4 1]Cl had a characteristic flat-ball shape (Fig. 2.5A and 
2.5B) which was not observed in the case of [P4 4 4 8]Cl and [P4 4 4 12]Cl (Fig. 2.5C 
and 2.5D).  Conidia with intact membranes collapse during dehydration under high-
vacuum conditions (sample preparation), due to a loss f turgor pressure [58].  
Membrane damage, on the contrary, circumvents this effect. 
Quaternary phosphonium ionic liquids were observed to be very resistant to 
microbial attack, e.g. tricyclohexylphosphine- and trihexylphosphine-deriv d cations 
[59].  The capacity of Aspergillus nidulans to biodegrade aerobically [P4 4 4 n]Cl 
(n = 1, 3-8, 10, 12 or 14) was also assessed.  After 21 days, the extracellular extract 
was collected and analysed by 31P and 1H NMR spectroscopy.  Under the testing 
conditions, no alterations of the spectral peaks of the cations could be observed (data 
not shown), strongly suggesting null or very weak degradation.  Recently, rapid 
mineralisation of [P4 4 4 4]
+ and [P4 4 4 6]
+ by Sphingomonas paucimobilis bacterium 
was inferred by an indirect impedance test [60].  These data, despite the lack of 
direct proof of cation depletion from the cultivation media, should stimulate further 
exploration of the potential of phosphonium ionic liquids. 
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Fig. 2.5.  Scanning Electron Microscopy (SEM) analysis of conidia treated with 100 mM of 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1, 8 or 12), during two hours of 
incubation.  Micrographs A - D present conidia at 5000× magnification, and A´ - D´ show 
individualised conidium at 15000×.  A, A´) saline solution control; B, B´) n = 1; C, C´) 
n = 8; D, D´) n = 12.  Bars = 1 µm.  
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2.5. Conclusions 
 
Toxicity of alkyltributylphosphonium chlorides [P4 4 4 n]Cl (n = 4-8, 10, 12 or 14) 
towards A. nidulans conidia was observed to increase with the systematic elongation 
of one alkyl substituent.  Analyses of conidia plasm  membrane damage and cell 
wall integrity clearly suggest that the toxicity of[P4 4 4 n]Cl, where n ≥ 4, is being 
ruled by direct interaction with both cellular struct res.  This behaviour may also 
explain the high similarity of their MIC and MFC values.  For the shorter alkyl 
substituents (n = 1 or 3), despite provoking membrane damage in ~ 20% of the 
conidia, inhibition of growth and death are more separated events.  [P4 4 4 1]Cl, even 
after four hours of exposure, had no perceived effects on the cell wall, suggesting 
that its ability to protect the membrane from damage depends on the ionic liquid 
structure. 
The high potential of fluorescence microscopy to screen membrane damage 
provoked by other groups of ionic liquids has been d monstrated here.  The selected 
probe is adequate for a broad range of organisms, such as bacteria [61] and 
mammalian cells [62].  Screening membrane damage at l thal concentrations of 
ionic liquids will rapidly inform if narcosis is ruling their toxicity.  This robust 
toxicity screening method should stimulate ionic liquids research towards their 
conscious design. 
  
Chapter II 
76 
 
2.6. Acknowledgements 
 
M. P. and D. O. H. are grateful to Fundação para a Ciência e a Tecnologia (FCT) 
for the fellowships SFRH/BD/31451/2006 and SFRH/BD/66396/2009, respectively.  
The work was partially supported by a grant from Iceland, Liechtenstein and 
Norway through the EEA financial mechanism (Project PT015).  G. A. and K. R. S. 
wish to thank the QUILL Industrial Advisory Board and the EPSRC (Portfolio 
Partnership Scheme, grant number EP/D029538/1) for their continuing support, and 
Cytec Industries, Canada, for support of G.A., and the supply of some ionic liquids.  
The fluorescence microscope used in this study belongs to the Cell Imaging Unit 
(UIC) at the Gulbenkian Science Institute, Oeiras, Portugal.  The authors are 
thankful to Eng. Isabel Nogueira from Instituto Superior Técnico, Lisbon, Portugal, 
for the acquisition of SEM micrographs and Eng. Maria Cristina Leitão from ITQB 
for technical support.  The NMR experiments were performed at CERMAX, the 
ITQB magnetic resonance centre.  The NMR spectrometers are part of The National 
NMR Network (REDE/1517/RMN/2005), supported by "Programa Operacional 
Ciência e Inovação (POCI) 2010” and FCT. 
  
Mechanism of toxicity of alkyltributylphosphonium chlorides 
77 
 
2.7. References 
 
[1]  Stark A and Seddon KR, Ionic liquids, in Kirk-Othmer Encyclopaedia of 
Chemical Technology, Seidel A, Editor. 2007, John Wiley & Sons, Inc.: New 
Jersey. p. 836-920. 
[2]  Dong Q, Muzny CD, Kazakov A, Diky V, Magee JW, et al. ILThermo: A free-
access web database for thermodynamic properties of ionic liquids. Journal of 
Chemical and Engineering Data. 2007. 52(4):1151-1159. 
[3]  Deetlefs M and Seddon KR. Ionic liquids: fact and fiction. Chimica Oggi-
Chemistry Today. 2006. 24(2):16-23. 
[4]  Coleman D and Gathergood N. Biodegradation studies of ionic liquids. 
Chemical Society Reviews. 2010. 39(2):600-637. 
[5]  Petkovic M, Seddon KR, Rebelo LPN, and Silva Pereira C. Ionic liquids: a 
pathway to environmental acceptability. Chemical Society Reviews. 2011. 
40(3):1383-1403. 
[6]  Plechkova NV and Seddon KR. Applications of ionic liquids in the chemical 
industry. Chemical Society Reviews. 2008. 37(1):123-150. 
[7]  Bradaric CJ, Downard A, Kennedy C, Robertson AJ, and Zhou YH. Industrial 
preparation of phosphonium ionic liquids. Green Chemistry. 2003. 5(2):143-152. 
[8]  Fraser KJ and MacFarlane DR. Phosphonium-based ionic liquids: an overview. 
Australian Journal of Chemistry. 2009. 62(4):309-321. 
[9]  Del Sesto RE, Corley C, Robertson A, and Wilkes JS. Tetraalkylphosphonium-
based ionic liquids. Journal of Organometallic Chemistry. 2005. 690(10):2536-
2542. 
[10]  Szarvas L, Massonne K, Laas H, Exner KM, Glas D, et al., Method for 
producing phosphonium salts. 2005, Basf Ag (Badi) Basf Ab (Badi) Basf Se (Badi): 
World. p. 1697388-A1:. 
[11]  Shiomi Y, Antistatic agent, and antistatic resin composition comprising the 
same. 2007, Koei Chem Co Ltd (Koei): World. p. 38. 
[12]  Grade R, Treatment of water. 1989, Ciba Geigy A  (Ciba): U.S. p. 66544-B:. 
[13]  Donofrio DK and Whitekettle WK, Biocidal compositions and use thereof  
Chapter II 
78 
 
containing a synergistic mixture of N-tributyltetradecylphosphonium chloride and N-
dodecylguanidine. 1991: U.S. 
[14]  Lenoir PM, Yang J, and Yin B, Methods of and formulations for reducing and 
inhibiting the growth of the concentration of microbes in water-based fluids and 
systems used with them. 2009, Dow Global Technologies Inc (Dowc): World. p. 
2175721-A2. 
[15]  Newallis PE and Poje AJ, Regulating plant growth with quaternary 
phosphonium aliphatic carboxamide salts. 1976, Baychem Corporation (New York, 
NY): U.S. 
[16]  Zarling DA, Basu HS, Kalyanaraman B, Joseph J, Basu H, et al., Mitochondria 
targeted cationic anti-oxidant compounds for prevention, therapy or treatment of 
hyper-proliferative disease, neoplasias and cancers. 2008, Medical College 
Wisconsin Inc, Colby Pharm Co: World. p. 2139522-A2. 
[17]  Domańska U and Paduszyński K. Gas-liquid chromatography measurements of 
activity coefficients at infinite dilution of various organic solutes and water in tri-
iso-butylmethylphosphonium tosylate ionic liquid. Journal of Chemical 
Thermodynamics. 2010. 42(6):707-711. 
[18]  Liu YH, Zhu LL, Sun XQ, and Chen J. Toward greener separations of rare 
earths: bifunctional ionic liquid extractants in biod esel. AIChE Journal. 2010. 
56(9):2338-2346. 
[19]  Baumann MD, Daugulis AJ, and Jessop PG. Phosphonium ionic liquids for 
degradation of phenol in a two-phase partitioning bioreactor. Applied Microbiology 
and Biotechnology. 2005. 67(1):131-137. 
[20]  Karodia N, Guise S, Newlands C, and Andersen JA. Clean catalysis with ionic 
solvents - phosphonium tosylates for hydroformylation. Chemical Communications. 
1998(21):2341-2342. 
[21]  McNulty J, Capretta A, Wilson J, Dyck J, Adjabeng G, et al. Suzuki cross-
coupling reactions of aryl halides in phosphonium salt ionic liquid under mild 
conditions. Chemical Communications. 2002(17):1986-1987. 
[22]  Minami I, Inada T, Sasaki R, and Nanao H. Tribo-chemistry of phosphonium-
derived ionic liquids. Tribology Letters. 2010. 40(2):225-235. 
Mechanism of toxicity of alkyltributylphosphonium chlorides 
79 
 
[23]  Kanazawa A, Ikeda T, and Endo T. Synthesis and timicrobial activity of 
dimethyl-substituted and trimethyl-substituted phosphonium salts with alkyl chains 
of various lengths. Antimicrobial Agents and Chemotherapy. 1994. 38(5):945-952. 
[24]  Kumar V and Malhotra SV. Study on the potential anti-cancer activity of 
phosphonium and ammonium-based ionic liquids. Bioorganic & Medicinal 
Chemistry Letters. 2009. 19(16):4643-4646. 
[25]  Fukumoto K and Ohno H. Design and synthesis of hydrophobic and chiral 
anions from amino acids as precursor for functional ionic liquids. Chemical 
Communications. 2006(29):3081-3083. 
[26]  Kagimoto J, Fukumoto K, and Ohno H. Effect of tetrabutylphosphonium 
cation on the physico-chemical properties of amino-acid ionic liquids. Chemical 
Communications. 2006(21):2254-2256. 
[27]  Pernak J, Stefaniak F, and Węglewski J. Phosphonium acesulfamate based 
ionic liquids. European Journal of Organic Chemistry. 2005(4):650-652. 
[28]  Couling DJ, Bernot RJ, Docherty KM, Dixon JK, and Maginn EJ. Assessing 
the factors responsible for ionic liquid toxicity to aquatic organisms via quantitative 
structure-property relationship modeling. Green Chemistry. 2006. 8(1):82-90. 
[29]  Wells AS and Coombe VT. On the freshwater ecotoxicity and biodegradation 
properties of some common ionic liquids. Organic Process Research & 
Development. 2006. 10(4):794-798. 
[30]  Cho CW, Jeon YC, Pham TPT, Vijayaraghavan K, and Yun YS. The 
ecotoxicity of ionic liquids and traditional organic solvents on microalga 
Selenastrum capricornutum. Ecotoxicology and Environmental Safety. 2008. 
71(1):166-171. 
[31]  Cieniecka-Rosłonkiewicz A, Pernak J, Kubis-Feder J, Ramani A, Robertson 
AJ, et al. Synthesis, anti-microbial activities and anti-electrostatic properties of 
phosphonium-based ionic liquids. Green Chemistry. 2005. 7(12):855-862. 
[32]  Carson L, Chau PKW, Earle MJ, Gilea MA, Gilmore BF, et al. Antibiofilm 
activities of 1-alkyl-3-methylimidazolium chloride ionic liquids. Green Chemistry. 
2009. 11(4):492-497. 
[33]  Pernak J, Smiglak M, Griffin ST, Hough WL, Wilson TB, et al. Long alkyl  
Chapter II 
80 
 
chain quaternary ammonium-based ionic liquids and potential applications. Green 
Chemistry. 2006. 8(9):798-806. 
[34]  Ranke J, Müller A, Bottin-Weber U, Stock F, Stolte S, et al. Lipophilicity 
parameters for ionic liquid cations and their correlation to in vitro cytotoxicity. 
Ecotoxicology and Environmental Safety. 2007. 67(3):430-438. 
[35]  Wang XF, Ohlin CA, Lu QH, Fei ZF, Hu J, et al. Cytotoxicity of ionic liquids 
and precursor compounds towards human cell line HeLa. Green Chemistry. 2007. 
9:1191-1197. 
[36]  Roberts DW and Costello JF. Mechanisms of action for general and polar 
narcosis: A difference in dimension. QSAR & Combinatorial Science. 2003. 
22(2):226-233. 
[37]  McGrath JA, Parkerton TF, and Di Toro DM. Application of the narcosis 
target lipid model to algal toxicity and deriving predicted-no-effect concentrations. 
Environmental Toxicology and Chemistry. 2004. 23(10):2503-2517. 
[38]  Könemann H. Quantitative structure-activity relationships in fish toxicity 
studies Part 1: Relationship for 50 industrial pollutants. Toxicology. 1981. 
19(3):209-221. 
[39]  Adamová G, Gardas RL, Nieuwenhuyzen M, Puga AV, Rebelo LPN, et al. 
Alkyltributylphosphonium chloride ionic liquids: synthesis, physicochemical 
properties and crystal structure. Dalton Transactions. 2011:submitted for 
publication. 
[40]  Bernot RJ, Kennedy EE, and Lamberti GA. Effects of ionic liquids on the 
survival, movement, and feeding behavior of the freshwater snail, Physa acuta. 
Environmental Toxicology and Chemistry. 2005. 24(7):1759-1765. 
[41]  Petkovic M, Ferguson JL, Bohn A, Trindade J, Martins I, et al. Exploring 
fungal activity in the presence of ionic liquids. Green Chemistry. 2009. 11(6):889-
894. 
[42]  Petkovic M, Ferguson JL, Gunaratne HQN, Ferreira R, Leitão MC, et al. Novel 
biocompatible cholinium-based ionic liquids - toxicity and biodegradability. Green 
Chemistry. 2010. 12(4):643-649. 
[43]  Seifert KA and Lévesque CA. Phylogeny and molecu ar diagnosis of myco- 
Mechanism of toxicity of alkyltributylphosphonium chlorides 
81 
 
toxigenic fungi. European Journal of Plant Pathology. 2004. 110(5-6):449-471. 
[44]  Evans KO. Supported phospholipid bilayer interaction with components found 
in typical room-temperature ionic liquids - a QCM-D and AFM study. International 
Journal of Molecular Sciences. 2008. 9(4):498-511. 
[45]  Schaffran T, Justus E, Elfert M, Chen T, and Gabel D. Toxicity of N,N,N-
trialkylammoniododecaborates as new anions of ionic liquids in cellular, liposomal 
and enzymatic test systems. Green Chemistry. 2009. 11(9):1458-1464. 
[46]  Cornmell RJ, Winder CL, Tiddy GJT, Goodacre R, and Stephens G. 
Accumulation of ionic liquids in Escherichia coli cells. Green Chemistry. 2008. 
10(8):836-841. 
[47]  Samorì C, Sciutto G, Pezzolesi L, Galletti P, Guerrini F, et al. Effects of 
imidazolium ionic liquids on growth, photosynthetic efficiency, and cellular 
components of the diatoms Skeletonema marinoi and Phaeodactylum tricornutum. 
Chemical Research in Toxicology. 2011. 24(3):392-401. 
[48]  Liu J, Zong YY, Qin GZ, Li BQ, and Tian SP. Plasma membrane damage 
contributes to antifungal activity of silicon against Penicillium digitatum. Current 
Microbiology. 2010. 61(4):274-279. 
[49]  Brul S, Nussbaum J, and Dielbandhoesing SK. Fluorescent probes for wall 
porosity and membrane integrity in filamentous fungi. Journal of Microbiological 
Methods. 1997. 28(3):169-178. 
[50]  Palma-Guerrero J, Huang IC, Jansson HB, Salinas J, Lopez-Llorca LV, et al. 
Chitosan permeabilizes the plasma membrane and kills ce s of Neurospora crassa 
in an energy dependent manner. Fungal Genetics and Biology. 2009. 46(8):585-594. 
[51]  Hill TW, Loprete DM, Momany M, Ha Y, Harsch LM, et al. Isolation of cell 
wall mutants in Aspergillus nidulans by screening for hypersensitivity to Calcofluor 
White. Mycologia. 2006. 98(3):399-409. 
[52]  Li X, Yu H-Y, Lin Y-F, Teng H-M, Du L, et al. Morphological changes of 
Fusarium oxysporum induced by CF66I, an antifungal compound from Burkholderia 
cepacia. Biotechnology Letters. 2010. 32(10):1487-1495. 
[53]  Semighini CP, Hornby JM, Dumitru R, Nickerson KW, and Harris SD. 
Farnesol-induced apoptosis in Aspergillus nidulans reveals a possible mechanism 
Chapter II 
82 
 
for antagonistic interactions between fungi. Molecular Microbiology. 2006. 
59(3):753-764. 
[54]  de Groot PWJ, Brandt BW, Horiuchi H, Ram AFJ, de Koster CG, et al. 
Comprehensive genomic analysis of cell wall genes i Aspergillus nidulans. Fungal 
Genetics and Biology. 2009. 46:S72-S81. 
[55]  Rangel DEN, Alston DG, and Roberts DW. Effects of physical and nutritional 
stress conditions during mycelial growth on conidial germination speed, adhesion to 
host cuticle, and virulence of Metarhizium anisopliae, an entomopathogenic fungus. 
Mycological Research. 2008. 112:1355-1361. 
[56]  Sena DW, Kulacki KJ, Chaloner DT, and Lamberti GA. The role of the cell 
wall in the toxicity of ionic liquids to the alga Chlamydomonas reinhardtii. Green 
Chemistry. 2010. 12(6):1066-1071. 
[57]  Ma H, Snook LA, Tian C, Kaminskyj SGW, and Dahms TES. Fungal surface 
remodelling visualized by atomic force microscopy. Mycological Research. 2006. 
110:879-886. 
[58]  Kaminskyj SGW and Dahms TES. High spatial resolution surface imaging and 
analysis of fungal cells using SEM and AFM. icron. 2008. 39(4):349-361. 
[59]  Atefi F, Garcia MT, Singer RD, and Scammells PJ. Phosphonium ionic liquids: 
design, synthesis and evaluation of biodegradability. Green Chemistry. 2009. 
11(10):1595-1604. 
[60]  Abrusci C, Palomar J, Pablos JL, Rodriguez F, and Catalina F. Efficient 
biodegradation of common ionic liquids by Sphingomonas paucimobilis bacterium. 
Green Chemistry. 2011. 13(3):709-717. 
[61]  Kim YM, Farrah S, and Baney RH. Membrane damage of bacteria by silanols 
treatment. Electronic Journal of Biotechnology. 2007. 10(2):252-259. 
[62]  Ibey BL, Roth CC, Pakhomov AG, Bernhard JA, Wilmink GJ, et al. Dose-
dependent thresholds of 10-ns electric pulse induced plasma membrane disruption 
and cytotoxicity in multiple cell lines. PLoS One. 2011. 6(1):e15642. 
 
 
  
 
 
 
CHAPTER III 
A molecular analysis of the toxicity of 
alkyltributylphosphonium chlorides 
in Aspergillus nidulans 
 
 
3.1. Abstract ................................................................................................... 88 
3.2. Introduction ................................................................................................ 89 
3.3. Materials and Methods ............................................................................... 92 
3.3.1. Chemicals ...................................................................................... 92 
3.3.2. Ionic liquids .................................................................................... 92 
3.3.3. Fungal strain .................................................................................. 92 
3.3.4. Experimental conditions ................................................................. 92 
3.3.5. Total RNA extraction and cDNA synthesis ...... .................................... 93 
3.3.6. Oligonucleotides design ....................................................................... 94 
3.3.7. Quantitative real-time PCR analysis .................................................. 95 
3.3.8. Statistical analysis .......................................................................... 95 
3.3.9. Microscopic analyses ........................................................................... 95 
3.4. Results and Discussion ................................................................................ 97 
3.4.1. Plasma membrane biosynthetic genes ............................................. 97 
3.4.2. Cell wall biosynthetic genes ............................................................ 101 
3.4.3. Cell wall integrity pathway .............................................................. 105 
3.5. Conclusions ................................................................................................ 108 
3.6. Acknowledgements .................................................................................... 110 
3.7. References ................................................................................................ 111 
 
  
Chapter III 
 
86 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Version of the manuscript entitled:  
Hartmann DO and Silva Pereira C. A molecular analysis of the toxicity of 
alkyltributylphosphonium chlorides in Aspergillus nidulans. New Journal of 
Chemistry, 2013, 37, 1569-1577. DOI: 10.1039/C3NJ00167A 
 
DO Hartmann declares to have actively contributed for the experimental design, 
fungal cultivation, membrane and cell wall integrity assays, scanning electron 
microscopy, data analyses and manuscript writing. 
A molecular analysis of the toxicity of alkyltributylphosphonium chlorides 
 
87 
 
A molecular analysis of the toxicity of alkyltributylphosphonium chlorides 
in Aspergillus nidulans 
 
Diego O. Hartmanna and Cristina Silva Pereiraa* 
aInstituto de Tecnologia Química e Biológica, Universidade Nova de Lisboa, Av. da 
República, 2780-157, Oeiras, Portugal 
*Corresponding author: spereira@itqb.unl.pt 
 
 
 
Keywords: filamentous fungi; gene expression; quaternary phos nium salts; ionic 
liquids toxicity; cell wall; plasma membrane  
 
 
  
Chapter III 
 
88 
 
3.1. Abstract 
 
Investigating ionic liquids in vivo effects at a molecular level is crucial for the 
deeper understanding of their toxicity and the development of new biological 
applications.  In the present study, we propose the use of qRT-PCR to analyse the 
expression of Aspergillus nidulans genes after exposure to alkyltributylphosphonium 
chlorides ([P4 4 4 n]Cl, where n = 1, 4, 8 or 12).  The selected genes are involved in 
plasma membrane and cell wall biosynthesis and repair mechanisms.  The data 
strongly indicate cell wall damage as the common mechanism of toxicity amongst 
these ionic liquids, while plasma membrane permeabilis tion is dependent on the 
alkyl substituent length.  Considering their effects on the fungal cell walls, the 
knowledge herein produced opens doors for several possible applications of 
quaternary phosphonium ionic liquids, in particular their potential use in antifungal 
formulations. 
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3.2. Introduction 
 
Over the last two decades, the potential of ionic liquids has been extensively 
explored.  Their inherent potential comes from their structural diversity and tuneable 
physical and chemical properties.  From estimated millions of possible formulations 
[1], several hundred ionic liquids are already well known and characterised [2].  A 
great amount of data is available on their chemistry [1] and physical properties [2], 
and numerous applications have been proposed [3].  Ionic liquids are generally 
defined as salts that are liquid below 100 °C [1], and some are regarded as green 
solvents due to their excellent solvation capacity, negligible vapour pressure, and 
bulk non-flammability [4].  However, ionic liquids comprise a very heterogeneous 
group of fluids that are not intrinsically green.  Recent reviews on their 
environmental impact and biodegradability highlight the toxic nature and 
recalcitrance of some of these compounds [5, 6]. 
Although great amount of data have been produced focusing on 
imidazolium-based ionic liquids, in recent years, other cationic groups have been 
receiving more attention.  Amongst them are the quatern ry phosphonium ionic 
liquids.  They are generally considered thermally and chemically more stable (the 
latter due to the absence of an acidic proton) than t e quaternary ammonium or 
imidazolium salts [7].  Within the quaternary phosphonium ionic liquids, the 
tetraalkylphosphonium ones are, to present, the most studied.  They have been 
already investigated for diverse applications [8-15], but there are only few studies 
regarding their environmental impact.  Their apparent high toxicity was observed in 
various aquatic organisms [16-18].  Recently, our group performed a systematic 
study on the toxicity and biodegradability of alkyltributylphosphonium chlorides, 
namely [P4 4 4 n]Cl, where n = 1, 3-8, 10, 12 or 14 (Fig. 3.1) [19].  Their inhibitory 
and lethal effects on Aspergillus nidulans were, as expected, determined by the 
length of the alkyl substituent in the cation, and correlated well with the cation 
lipophilicity [20].  Fluorescence microscopy suggested that membrane 
permeabilisation and cell wall damage are the basis of the toxic mechanism of action 
of [P4 4 4 n]Cl, when n ≥ 4, while for n < 4 it remained to be solved [19]. 
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Fig. 3.1.  The structure of the alkyltributylphosphonium cation, [P4 4 4 n]
+, where n = 1, 3 - 8, 
10, 12 or 14. 
 
 
While many studies on ionic liquids toxicity have ben already published, 
towards a broad range of organisms, the majority of these is based on the 
determination of the inhibitory and lethal concentrations of these compounds [6].  A 
few works tried to escape this trend, by investigating ionic liquids e.g. antibiofilm 
activity in clinically relevant bacterial strains [21], induction of higher diversity in 
the metabolic footprint of filamentous fungi [22], and induction of the production of 
reactive oxygen species and programmed cell death in mammalian cells [23, 24].  
Other studies focused on the molecular toxicity of i nic liquids, namely 
investigating their inhibitory effects on the activity of enzymes involved in 
important cellular processes, e.g. acetylcholinesterase [25], adenosine 
monophosphate deaminase [26] and cytochrome P450 [27].  However, in vitro 
analyses not always reflect the effects produced in livi g organisms.  Recently, the 
first gene expression study on ionic liquids was performed with the soil bacterium 
Enterobacter lignolyticus after exposure to 1-ethyl-3-methylimidazolium chloride 
[28].  The molecular mechanisms underlying the resistance of this bacterial strain to 
considerably high concentrations of the ionic liquid were discussed.  The study 
opens doors to new applications of these compounds, such as fermentation processes 
with engineered strains resistant to ionic liquids [28]. 
In the present study, we propose the use of quantitative real-time 
polymerase chain reaction (qRT-PCR) to analyse the expression of specific genes 
involved in plasma membrane and cell wall biosynthesis and repair mechanisms in 
A. nidulans, after exposure to [P4 4 4 n]Cl, where n = 1, 4, 8 or 12.  Aspergillus 
nidulans has its genome completely sequenced, which allows the election of genes 
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of interest and the design of specific oligonucleotides.  Moreover, this halotolerant 
strain is closely related to an important human pathogen, A. fumigatus.  The data 
herein produced complement previous microscopic observations on the mechanisms 
of toxicity of this class of ionic liquids [19], and reveal that damage to the fungal 
cell wall plays a pivotal role in their toxicity. 
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3.3. Experimental 
 
3.3.1. Chemicals 
All compounds used in the preparation of minimal media, with the exception of 
NaCl (Panreac, 99.5%) were purchased from Sigma Aldrich: D(+)-glucose, 
K2HPO4, ZnSO4·7H2O, CuSO4·5H2O, FeSO4·7H2O, MgSO4·7H2O, NaNO3, and KCl.  
Poly(vinylpolypirrolidone), Calcofluor White M2R (CFW) and glycerol (≥ 99.5%), 
were also purchased from Sigma Aldrich.  Sodium dodecyl sulphate (SDS, 99%) 
was purchased from Acros Organics. 
 
3.3.2. Ionic liquids 
All ionic liquids used in this study were prepared by QUILL (Queen´s University 
Ionic Liquids Laboratory, The Queen’s University ofBelfast, UK), except for 
[P4 4 4 4]Cl, which was supplied by Cytec Industries, Canada.  Ionic liquids were 
characterised by 1H, 13C and 31P NMR spectroscopy, mass spectrometry, CHN 
elemental analysis, and halide and water content analyses.  The comprehensive study 
on the synthesis and physicochemical properties of these ionic liquids was 
previously published by Adamová et al. [29]. 
 
3.3.3. Fungal strain 
Aspergillus nidulans strain FGSC A4 was cultivated on dichloran-glycerol (DG18) 
agar (Oxoid) for five to six days at 27 °C.  Conidia were harvested with a solution of 
0.85 wt.% NaCl and  0.1 % v/v Tween 20 (polyoxyethylene (20) sorbitan 
monolaurate) and filtered through glass wool.  The suspension was washed three 
times with 0.85 wt.% NaCl, resuspended in a cryoprotective solution containing 
0.85% w/v NaCl and 10% v/v glycerol and stored at -80 °C until further use. 
 
3.3.4. Experimental conditions 
Aspergillus nidulans was cultivated on DG18 agar, at 27 °C, in the dark, for 5 days 
prior to harvest.  Conidia were harvested with a saline solution (0.85% w/v NaCl) 
and used immediately.  A suspension of 106 conidia per ml of medium was 
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incubated in 25 ml of minimal medium for 24 hours at 27 °C, without agitation.  The 
minimal culture medium containing glucose (10.0 g l-1) and K2HPO4 (1.0 g l
-1) was 
dissolved in distilled water, sterilised in an autoclave (10 min; 115 °C), and 
supplemented with the mixture of essential salts, previously sterilised by filtration: 
NaNO3 (3.0 g l
-1), ZnSO4·7H2O, (0.01 g l
-1), CuSO4·5H2O (0.005 g l
-1), 
MgSO4·7H2O (0.5 g l
-1), FeSO4·7H2O (0.01 g l
-1) and KCl (0.5 g l-1).  After 24 hours 
of growth, ionic liquids ([P4 4 4 n]Cl, where n = 1, 4, 8 or 12), were added to the 
culture media to obtain a final concentration corresponding to 80% of the minimal 
inhibitory concentration (MIC) of each compound and i cubated for one, two or four 
hours.  As positive controls two compounds known to cause plasma membrane and 
cell wall damage (SDS and CFW, respectively) were also tested with the same 
conditions. A control without ionic liquids was also included.  MICs and the 
concentrations used in this study for all tested comp unds are shown in Table 3.2.  
MICs of ionic liquids towards A. nidulans were reported previously, while for SDS 
and CFW were determined following the same protocol [19]. 
 
3.3.5. Total RNA extraction and cDNA synthesis 
Mycelia from control or exposed to ionic liquids, SD  or CFW were recovered by 
filtration (0.45 µm membrane filters, Millipore) and immediately frozen in liquid 
nitrogen.  Approximately 100 mg of frozen mycelia was grounded with 
poly(vinylpolypirrolidone) (0.4 mg per mg of mycelia) with a mortar and pestle.  
The final powder was used in the extraction and purification of total RNA using the 
RNeasy Plant Mini Kit (QIAGEN), according to the manufacturer’s protocol.  
Genomic DNA digestion was done with the RNase-Free DNase Set (QIAGEN).  
Quality, integrity and quantity of the total RNA were analysed in a NanoDrop 1000 
Spectrophotometer (Thermo Scientific) and by running 2 µg of RNA into 1% 
agarose gels in TBE buffer 1×.  The complementary DNA (cDNA) was synthesised 
from 100 ng of the total RNA using an iScript cDNA Synthesis Kit (Bio-Rad) in an 
Applied Biosystems 2720 Thermal Cycler.  The reaction protocol consisted of 5 min 
at 25 °C, 30 min at 42 °C and 5 min at 85 °C.  
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3.3.6. Oligonucleotides design 
Based on the sequences of A. nidulans genes (Aspergillus Genome Database, 
http://www.aspergillusgenome.org/), oligonucleotide pairs were designed using the 
GeneFisher2 web tool (http://bibiserv.techfak.uni-bielefeld.de/genefisher2), with the 
exception of those for chsB, fksA, agsB and mpkA, which were previously designed 
by Fujioka et al. [30], and produced by Thermo Fisher Scientific (Table 3.1). 
 
Table 3.1.  List of the designed qRT-PCR oligonucleotides (forward and reverse) used in 
this study.  The selected genes are involved in plasma membrane and cell wall biosynthesis, 
and in the cell wall integrity pathway of Aspergillus nidulans.  γ-actin (actA) and β-tubulin 
(tubC) genes were selected as housekeeping (internal control). 
Name Gene (Code) Sequence (5′ to 3′) Source 
Plasma membrane biosynthetic genes 
HMGR1f HMGR1 (AN3817) AAGCACTCCATGTCATGGCTA This study 
HMGR1r HMGR1 (AN3817) TAATAGCCTCAGCCACAACTGA This study 
AN9407F fasA (AN9407) CTTCAAAGCAAGGTCTTCCTGA This study 
AN9407R fasA (AN9407) CGCCAGGGACTCAATCACA This study 
barAf barA (AN4332) GTGGTGCTCAACCTGATGGA This study 
barAr barA (AN4332) TGGGTACATGATATGGCGTGA This study 
lagAf lagA (AN2464) TCCCCACAGAGAGCACGAA This study 
lagAr lagA (AN2464) GATGATGTGGTGGCCCACA This study 
Cell wall  biosynthetic genes 
gfaA2f gfaA (AN10709) CCGTTTCGAGACTGAGACAGA This study 
gfaA2r gfaA (AN10709) GATCAGGAGGCCGAAAGCA This study 
chsBf chsB (AN2523) CTTGAACGTTTACGCCTTCAGC Fujioka et al. 
chsBr chsB (AN2523) TCGTCCAGACTCTTCTCTTCC Fujioka et al. 
fksAf fksA (AN3729) CTCAGCAGACTTCGTCATTGG Fujioka et al. 
fksAr fksA (AN3729) CAGAATAGCGAAACGGACCAC Fujioka et al. 
agsBf agsB (AN3307) ATCGGACACTACCTTCCCTG Fujioka et al. 
agsBr agsB (AN3307) GACTTGGCTGACGATCAACG Fujioka et al. 
Cell wall integrity pathway genes 
AN5660F wscA (AN5660) GGATGCGCGAAATGAGCAA This study 
AN5660R wscA (AN5660) GGCGAGAGAAATCTCGGTCA This study 
mpkAf mpkA (AN5666) GACATCCGTCCAGACACTCA Fujioka et al. 
mpkAr mpkA (AN5666) AGTAAAGATGAGGTGTCGTCGA Fujioka et al. 
Housekeeping genes 
ACTF actA (AN6542) CTGGGACGACATGGAGAAGAT This study 
ACTR actA (AN6542) GTAGATGGGGACGACGTGAG This study 
TUBCF tubC (AN6838) TGGATCCCCAACAACGTCCA This study 
TUBCR tubC (AN6838) CTCAGCCTCAGTGAACTCCA This study 
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3.3.7. Quantitative real-time PCR analysis 
The qRT-PCR analysis was performed in a CFX96 Thermal Cycler (Bio-Rad), using 
the SsoFast EvaGreen Supermix (Bio-Rad), 250 nM of each oligonucleotide and the 
cDNA template equivalent to 1 ng of total RNA, at a final volume of 5 µl per well, 
in three technical replicates.  The PCR conditions were: enzyme activation at 95 °C 
for 30 s; 40 cycles of denaturation at 95 °C for 10 s and annealing/extension at 59 °C 
for 30 s; and melting curve obtained from 65 °C to 95 °C, consisting of 0.5 °C 
increments for 5 s.  Data analyses were performed using the CFX Manager software 
(Bio-Rad).  The expression of each gene was taken as the relative expression 
compared to the time-zero (before incubation with the ested compounds).  The 
expression of all target genes was normalised by the expression of γ-actin and β-
tubulin (internal controls).   
 
3.3.8. Statistical analysis 
Four biological replicates were performed.  Statistical analysis of the qRT-PCR data 
was performed in the GraphPad Prism v6.0 software.  T atments with ionic liquids, 
SDS or CFW were compared with the control for every r spective hour of exposure 
by multiple Student’s t-test.  Differences with a p-value below 0.05 were considered 
statistically significant. 
 
3.3.9. Microscopic analyses 
Aspergillus nidulans was cultivated and grown for 24 hours as described above.  
From the grown cultures, aliquots of 1 ml were exposed to ionic liquids for one, two 
and four hours at testing concentrations (0.01, 0.1, 1, 10 and 100 mM) that ranged 
below and above the previously obtained MIC values [19].  The treated cultures 
were centrifuged (21 000 × g, 4 °C) and washed five times with a saline solution 
(0.85% w/v NaCl).  Mycelia were stained with CFW, at the final concentration of 
25 µM, incubated for 30 min at 27 °C, in the dark and under agitation (90 rpm).  
Residual dye was removed by centrifugation (21 000 × g, 4 °C) and washing (3×), 
and mycelia were resuspended in 100 µl of saline solution with 10% v/v glycerol.  
Slides were mounted with 10 µl of the obtained suspension.  Hyphae were observed 
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with a DM5500 B fluorescence microscope (Leica) using a 49 DAPI filter set and a 
63× magnification objective and images captured with an Andor Luca R EMCCD 
camera.  This assay provided only qualitative analysis of the alterations in the 
hyphal cell wall. 
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3.4. Results and Discussion 
 
To further understand the toxic mechanisms of alkyltributylphosphonium chlorides 
we decided to analyse by qRT-PCR the expression levels of genes involved in 
plasma membrane and cell wall biosynthesis.  In particular, 24-hour grown 
A. nidulans was exposed to sub-inhibitory concentrations of [P4 4 4 n]Cl (where n = 1, 
4, 8 or 12), SDS and CFW for one, two and four hours (Table 3.2).  No 
biodegradation of the cation is expected under these conditions, since, as previously 
reported, it was not observed after 21 days of incubation [19].  It is important to 
highlight that damage to the plasma membrane and the cell wall are not completely 
separated effects.  Since these are interconnected structures, the damage imposed to 
the cell wall can consequently lead to alterations in the organisation of the plasma 
membrane [31].  In turn, perturbations of the plasm embrane can also affect the 
integrity of the fungal cell wall [32].  
 
Table 3.2.  Minimal inhibitory concentrations (MICs) and sub-inhibitory concentrations used 
in the gene expression experiments for alkyltributylphosphonium chlorides [P4 4 4 n]Cl (where 
n = 1, 4, 8 or 12), SDS and CFW, defined for Aspergillus nidulans. 
 
 MIC / mM 80% of MIC / mM 
[P4 4 4 1]Cl 32.5
a 26.0 
[P4 4 4 4]Cl 37.6
a 30.08 
[P4 4 4 8]Cl 0.8
a 0.64 
[P4 4 4 12]Cl 0.021
a 0.02 
SDS 0.35 0.28 
CFW 0.2 0.16 
adetermined previously in Hartmann et al. [19] 
 
 
3.4.1. Plasma membrane biosynthetic genes 
The fungal plasma membrane, as for most cellular organisms, is a lipid bilayer 
composed mainly of phospholipids.  A common feature of all phospholipids is the 
presence of fatty acids in their structures; thus synthesis of fatty acids is required for 
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the formation of new molecules of phospholipids.  Aspergillus nidulans has two 
genes involved in the de novo synthesis of fatty acids, fasA and fasB [33].  They 
encode for the two subunits necessary to form the fatty acid synthase, the enzymatic 
complex that catalyses the formation of long-chain f tty acids [34].  In a recent 
proteomic study, the α subunit of the fatty acid synthase, FasA, of the filamentous 
fungus Pleurotus tuber-regium has been reported to be amongst the proteins with 
increased accumulation after treatment with the nonionic surfactant Tween 80 [35].  
In the present study, exposure to [P4 4 4 n]Cl (where n = 1, 4, 8 or 12) led to an 
increase in the expression of fasA in A. nidulans for all the tested ionic liquids, with 
the highest levels obtained after two hours of exposure (Fig. 3.2).  It is likely that 
after two hours A. nidulans produced levels of the fatty acid synthase complex 
which were sufficient for the initial response to the imposed damage.  The pattern in 
the expression of asA was apparently correlated with the length of the alkyl 
substituent of the ionic liquid.  After two hours of exposure, [P4 4 4 8]Cl and 
[P4 4 4 12]Cl led to a 2.4-fold increase in the expression levels of fasA.  [P4 4 4 4]Cl 
provoked a 2.1-fold increase, while [P4 4 4 1]Cl treatment only increased the 
expression of asA 1.7-fold after two hours.  Interestingly, the increase in the fasA 
expression promoted by any of the tested ionic liquids was higher than the one 
observed for the anionic surfactant SDS.  The higher ffect of 
alkyltributylphosphonium chlorides in the plasma membrane, when compared to the 
one provoked by a commonly used anionic surfactant, is most certainly related with 
its cationic nature.  This relation has been previously observed for cationic 
surfactants, usually more toxic than anionic ones [36, 37], and for other cationic 
chemicals, e.g. chitosan [38].  One suggested explanation is that e cationic 
compounds interact with the negatively-charged headgroups of phospholipids and, 
due to their uneven distribution in the plasma membrane, permeabilisation occurs 
[38, 39].  As mentioned above, damage to the cell wa l can also affect the 
organisation of the plasma membrane [31], which explains the observed increase 
(although not exceeding 1.5-fold) in the expression levels of fasA after exposure to 
CFW. 
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Fig. 3.2.  Analyses of relative expression of four genes involved in plasma membrane 
biosynthesis (HMGR1, fasA, barA and lagA) by qRT-PCR.  Aspergillus nidulans was 
exposed to [P4 4 4 n]Cl (n = 1, 4, 8 or 12), SDS or CFW for one (white), two (grey) or four 
hours (black).  The y axes represent the fold-change of gene expression relative to the culture 
at time zero (before exposure).  γ-actin and β-tubulin genes were used as internal controls.  
The asterisk marks significant difference (p-value < 0.05) in expression of each treatment 
when compared to the control for the same period of incubation. 
 
 
In addition to phospholipids, two other classes of lipids play fundamental 
roles in the plasma membrane structure: sterols and sphingolipids.  Ergosterol is the 
major sterol present in the fungal plasma membrane.  It is very similar, in structure 
and function, to cholesterol [40].  However, ergosterol is only found in fungi, which 
renders this lipid and its biosynthetic pathway very important targets in the 
development of antifungal drugs [41].  Exposing A. nidulans to [P4 4 4 n]Cl (where 
n = 1, 4, 8 or 12) for two or four hours led to a significant increase (approximately 
from 1.5- to 2.1-fold) in the expression levels of HMGR1 (Fig. 3.2).  This gene 
encodes a putative 3-hydroxy-3-methylglutaryl-Coenzyme A (HMG-CoA) 
reductase, which is responsible for the rate-limiting step in ergosterol biosynthesis 
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[42].  Interestingly, differently from what was observed for fasA, the alterations in 
the expression levels of HMGR1 after treatment with [P4 4 4 n]Cl (where n = 1, 4, 8 or 
12) did not seem to be related with the increase in the chain length of the alkyl 
substituent.  Despite some differences, the four tested ionic liquids seemed to induce 
a similar response, by increasing the expression of HMGR1 when the exposure time 
was prolonged.  The increase provoked by SDS was not ignificant, and only after 
four hours of exposure, the cell-wall-damaging agent CFW increased 1.8-fold the 
expression of HMGR1. 
Fluidity of the plasma membrane is crucial for determining its sensitivity or 
resistance to agents that can cause its permeabilisation [38].  Both fatty acids 
composition and ergosterol amounts are important fac ors influencing plasma 
membrane fluidity.  Those enriched in saturated fatty cids and with higher amounts 
of ergosterol are less fluid, and seem to be more resistant to agents that cause 
membrane damage [38].  The increase in the expression of both the fasA (which is 
involved in the synthesis of saturated fatty acids) and HMGR1 after exposure 
supports that plasma membrane permeabilisation is oe of the main mechanisms of 
toxicity of alkyltributylphosphonium chlorides [19].  One can reasonably 
hypothesise that fungi are responding to the imposed damage by altering the plasma 
membrane fluidity.  
In filamentous fungi, ceramides are the most common type of sphingolipids; 
they are composed of two moieties: a sphingoid base, phytosphingosine; and a very-
long-chain fatty acid [43].    In A. nidulans, two enzymes, encoded by arA and 
lagA, are responsible for their condensation.  After exposure to [P4 4 4 n]Cl (where 
n = 1, 4, 8 or 12), there was no increase in the expression levels of either barA or 
lagA, with the exception of [P4 4 4 1]Cl (1.4-fold increase of lagA) (Fig. 3.2).  
However, SDS and CFW led to an increase of approximately 1.5- and 2.2-fold, 
respectively, in the expression levels of lagA.  In fact, exposure to either of the 
tested ionic liquids led, in general, to a slight decrease in the expression levels of 
barA and lagA at the first hour of incubation.  Sphingolipids, together with 
ergosterol, participate in the formation of lipid rafts in the plasma membrane [44].  
These are special domains responsible for anchoring several proteins such as 
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structural elements, receptors and sensors.  In filamentous fungi, sphingolipids and 
lipid rafts are present, particularly, at the tip of the hyphae, playing a vital role in the 
establishment of polarity and hyphal growth [43, 45].  The expression levels of barA 
and lagA observed here further highlight the toxic nature of these ionic liquids.  As 
an initial response to the presence of these toxicants, the fungus most likely 
undergoes an arrest of the vegetative growth (polarised growth), directing its 
biosynthetic machinery towards the production of molecules that can help it to 
overcome the toxic effects of ionic liquids. 
 
3.4.2. Cell wall biosynthetic genes 
The fungal cell wall accounts for a great percentage of the cell dry weight, and is 
responsible for maintaining its shape, counteracting the turgor pressure and 
protecting the plasma membrane against mechanical damage [46].  The cell wall of 
A. nidulans is composed of an inner layer of polysaccharides, mainly chitin, 1,3-β-
glucans and 1,3-α glucans, and an outer layer composed of highly glycos lated 
proteins [47].  Upon damage to the cell wall, fungi respond by activating several 
genes involved in its biosynthesis, creating conditions that allow them to re-establish 
its integrity, through the so-called cell wall integrity (CWI) pathway (see below). 
A typical response to cell wall damage is the increased expression of genes 
related to chitin synthesis and its deposition in the cell wall, to confer greater 
resistance [31].  The first and rate-limiting step in the synthesis of chitin is catalysed 
by glutamine-fructose-6-phosphate transaminase [32].  The expression levels of its 
encoding gene, gfaA, have been previously shown to increase upon exposure to cell 
wall damaging agents, such as CFW, caspofungin and SDS, in A. niger [32], and 
micafungin in A. nidulans [30].  In the former study, the authors also demonstrated 
that chitin biosynthesis and deposition was also stimulated [32].  Exposing 
A. nidulans to [P4 4 4 n]Cl (where n = 1, 4, 8 or 12) led to an increased expression of 
gfaA (Fig. 3.3).  Unsurprisingly, both SDS and CFW also led to an up-regulation of 
this gene, reaching 2.6- and 2.5-fold increase after four hours of incubation, 
respectively.  The ionic liquids effect seemed to be related with the length of the 
alkyl substituent.  Only after one hour of exposure to [P4 4 4 12]Cl, gfaA levels 
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increased 2.0-fold, and reached a maximum of 2.3-fold after two hours.  However, 
two hours of exposure of [P4 4 4 8]Cl or [P4 4 4 4]Cl were necessary to significantly 
increase the expression levels this gene (2.0- and 2.1-fold increase, respectively).  
Finally, although the expression of g aA increased after four hours of exposure to 
[P4 4 4 1]Cl, the data were not statistically significant.  
 
 
Fig. 3.3.  Analyses of relative expression of four genes involved in cell wall biosynthesis 
(gfaA, chsB, fksA and agsB) by qRT-PCR.  Aspergillus nidulans was exposed to [P4 4 4 n]Cl 
(n = 1, 4, 8 or 12), SDS or CFW for one (white), two (grey) or four hours (black).  The y axes 
represent the fold-change of gene expression relativ  to the culture at time zero (before 
exposure).  γ-actin and β-tubulin genes were used as internal controls.  The ast risk marks 
significant difference (p-value < 0.05) in expression of each treatment when compared to the 
control for the same period of incubation. 
 
 
While gfaA encodes the enzyme responsible for the first step in chitin 
biosynthesis, three more steps are required for the synthesis of 
UDP-N-acetylglucosamine.  This monomer is the substrate of a group of enzymes 
called chitin synthases, responsible for the final step in chitin synthesis and its 
deposition in the cell wall [48].   Aspergillus nidulans has a total of eight genes 
coding for this type of enzymes [47], thought to be differentially regulated during 
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development [48].  For example, ChsA is expressed sp cifically during the asexual 
development; ChsB is present throughout the vegetativ  growth; and expression of 
ChsC and ChsD is seen during the sexual development of the fungus [48-50].  In this 
study, we chose chsB as a representative of chitin synthases, for its major role in 
A. nidulans hyphal growth and for its proven up-regulation upon cell wall damage 
[30].  Exposure of A. nidulans to sub-inhibitory concentrations of [P4 4 4 n]Cl (where 
n = 1, 4, 8 or 12) led, in general, to an increase in the levels of chsB, even if few of 
these observations were statistically significant (Fig. 3.3).  In addition, contrary to 
what was observed for gfaA, neither SDS nor CFW significantly altered the 
expression levels of chsB.  These observations may be partially explained by the fact 
that A. nidulans possess several chitin synthases; thus, the pool of UDP-N-
acetylglucosamine produced in the first steps of chitin synthesis might have been 
utilised by different chitin synthases besides ChsB.  As demonstrated by the work of 
Fujioka et al., several chitin synthases genes of A. nidulans were up-regulated upon 
cell wall damage induced by micafungin [30].   
Glucans are the more abundant polysaccharides in the cell wall [46].  The 
main one, 1,3-β-glucan, form long, poorly branched chains, covalently linked to 
chitin and other cell wall components.  While the yeast Saccharomyces cerevisiae 
has two genes related to 1,3-β-glucan biosynthesis, A. nidulans has only one, fksA 
[47, 51].  The expression of this gene has been previously reported to increase upon 
treatment with cell wall damaging agents, e.g. micafungin [30].  Exposing 
A. nidulans to [P4 4 4 n]Cl (where n = 1, 4, 8 or 12) for only one hour was sufficient to 
increase the expression levels of fksA (Fig. 3.3).  Exposure for two hours, in general, 
led to even higher fold-change values that were kept constant after four hours of 
incubation with the ionic liquids.  [P4 4 4 1]Cl effect was lower than for the other 
tested ionic liquids after one or two hours of exposure, but after four hours it reached 
levels similar to the ones observed for [P4 4 4 4]Cl and [P4 4 4 8]Cl.  This suggests that 
the ionic liquids are causing a significant damage to the cell wall regardless of the 
alkyl substituent length. 
Two other genes contribute greatly to the total glucan composition of 
A. nidulans cell wall, namely the 1,3-α glucan synthase encoding genes, agsA and 
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agsB [47].  These two genes respond to cell wall stress in a very distinct manner: 
while agsB, as other cell wall related genes, is up-regulated upon cell wall damage, 
agsA is down-regulated.  Regardless of this different rgulation, an overall response 
to this stress is the increase in the synthesis of 1,3-α-glucans and their deposition in 
the cell wall [30].  Exposing A. nidulans to any of the tested ionic liquids led to an 
up-regulation of agsB that seemed related to the length of the alkyl substituent of the 
ionic liquid (Fig. 3.3).  While one-hour exposure of [P4 4 4 1]Cl did not significantly 
affect the expression of agsB, exposure of [P4 4 4 4]Cl, [P4 4 4 8]Cl or [P4 4 4 12]Cl for the 
same period of time led to a 1.7-, 2.1- and 2.3-fold increase, respectively.  These 
levels were, in general, kept constant for longer exposure times, except for 
[P4 4 4 1]Cl, that increased after two (1.7-fold) and four hours (2.5-fold).  This 
observation is highly suggestive that as rapidly as after four hours, despite of the 
alkyl substituent length, all ionic liquid lead to a similar increase in the expression of 
agsB. 
In our previous study on alkyltributylphosphonium chlorides, based on the 
fluorescent dye CFW and its ability to bind to cell walls, we could only observe cell 
wall damage for [P4 4 4 n]Cl when n ≥ 4, in a relation where the effect of the ionic 
liquid was more significant as the length of the alkyl substituent increased [19].  In 
the present study, we were able to detect, by qRT-PCR, alterations in gene 
expression characteristic of cell wall damage for all tested ionic liquids, including 
[P4 4 4 1]Cl.  These differences could be due to the fact tha , in our previous study, the 
microscopic assessment of cell wall damage was performed only with conidia 
(asexual spores) [19], while the molecular analysis herein presented are based on 
mycelia.  To rule out this possibility, we performed the same assay with 24-hour 
grown A. nidulans mycelia exposed to [P4 4 4 n]Cl (where n = 1, 4, 8 or 12) for one, 
two or four hours.  As exemplified in Fig. 3.4, exposure of mycelia to 
alkyltributylphosphonium chlorides with longer alkyl substituents, such as 
[P4 4 4 12]Cl, leads to an heterogeneous distribution of CFW, indicative of cell wall 
damage.  On the other hand, exposure of A. nidulans to 100 mM of [P4 4 4 1]Cl, even 
for four hours, results in a homogeneous distribution of fluorescence around the 
hyphae, similar to what is observed in the control.  The gene expression analyses 
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reported here allowed the detection of changes, at a molecular level, characteristic of 
cell wall damage, even before it reaches levels detectable by microscopy. 
 
 
Fig. 3.4.  Cell wall damage assay.  Aspergillus nidulans grown for 24 hours and exposed to 
100 mM of alkyltributylphosphonium chlorides, [P4 4 4 n]Cl (n = 1 or 12) for four hours and 
stained with Calcofluor White M2R (CFW).  A, negative control; B, [P4 4 4 1]Cl; C, 
[P4 4 4 12]Cl.  Scale bar: 10 µm. 
 
 
3.4.3. Cell wall integrity pathway 
The CWI pathway is a salvage mechanism that is trigge ed upon damage to the cell 
wall [30, 31].  It is very well studied in the yeast S. cerevisiae [31] and, despite 
many knowledge gaps, it is also known in a variety of filamentous fungi, such as 
A. nidulans [30].  The activation of the CWI pathway is only possible due to the 
presence of sensors in the cell surface that detect and transmit alterations in the 
plasma membrane tension, provoked by damage in the cell wall [30, 31].  Up to 
now, only two sensors involved in cell wall damage (WscA and WscB) were 
described for A. nidulans [52], even though additional ones have been suggested 
[53].  These proteins are imbedded in the plasma membrane and bound to the cell 
wall glucans.  In the present study we specifically considered the effect of the ionic 
liquids on the expression of wscA, the gene coding for the major of these sensors.  
Interestingly, exposure of A. nidulans to [P4 4 4 n]Cl (where n = 1, 4, 8 or 12) led to an 
increase in the expression of wscA, that reached a maximum at two or four hours 
(Fig. 3.5).  Exposure to [P4 4 4 1]Cl for four hours led to a 2.9-fold increase, while 
[P4 4 4 4]Cl, [P4 4 4 8]Cl and [P4 4 4 12]Cl provoked a 2.2- to 2.4-fold increase in the 
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expression of this gene.  However, SDS has only led to a 1.7-fold increase in the 
expression of wscA, and four hours of exposure to CFW did not significantly 
increase its expression.  The functionality, .e. sensing spectrum, of this family of 
sensors seems to be different amongst species [52]. In A. nidulans, these proteins 
have been discarded in the stress response to antifungal agents, such as CFW, 
contrary to that reported for S. cerevisiae.  However, based on the present data, it is 
possible that they play an important role in signalli g cell wall stress provoked by 
alkyltributylphosphonium chlorides. 
 
 
Fig. 3.5.  Analyses of relative expression of two genes related to the cell wall integrity 
pathway (wscA and mpkA) by qRT-PCR.  Aspergillus nidulans was exposed to [P4 4 4 n]Cl 
(n = 1, 4, 8 or 12), SDS or CFW for one (white), two (grey) or four hours (black).  The y axes 
represent the fold-change of gene expression (with standard deviations) relative to the culture 
at time zero (before exposure).  γ-actin and β-tubulin genes were used as internal controls.  
The asterisk marks significant difference (p-value < 0.05) in expression of each treatment 
when compared to the control for the same period of incubation. 
 
 
From what is well known in S. cerevisiae, the information of cell wall stress 
received by the surface sensors is transmitted to a series of proteins that act as 
transducers in the signalling cascade.  One of the key proteins in this pathway is the 
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mitogen-activated protein kinase, MAPK [31].  Its gene is up-regulated upon cell 
wall stress, in a positive feedback manner.  MAPK is responsible for activating 
transcription factors that regulate the expression of several cell wall related genes, 
such as those involved in chitin, glucan and cell wall proteins synthesis [30, 31].  In 
A. nidulans, only the expression of agsA and agsB (genes involved in 1,3-α glucan 
biosynthesis) and, partially, of g aA (involved in chitin biosynthesis) is regulated by 
a MAPK, MpkA [30].  The other cell wall related genes are regulated by an 
unknown signalling cascade.  In fact, when exposing A. nidulans to any of the tested 
ionic liquids, no alterations in the expression levels of mpkA were observed 
(Fig. 3.5).  Only treatment with SDS for four hours or CFW for one, two or four 
hours induced the up-regulation of this gene.  This last observation correlates well 
with the increase observed also for agsB and gfaA upon exposure to SDS and CFW 
(Fig. 3.3).  However, even though both genes increased upon treatment with 
[P4 4 4 n]Cl (where n = 1, 4, 8 or 12), the expression levels of mpkA remained, in 
general, unaltered.  This observation indicates that the transcription factor involved 
in the positive-feedback expression of mpkA is not activated upon ionic liquid stress, 
or could even suggest the existence of an alternative signalling cascade for the 
regulation of agsB and gfaA upon cell wall stress in A. nidulans. 
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3.5. Conclusions 
 
Exposure of A. nidulans to alkyltributylphosphonium chlorides ([P4 4 4 n]Cl, where 
n = 1, 4, 8 or 12) led to an up-regulation of fasA and HMGR1, genes involved in the 
synthesis of saturated fatty acids and ergosterol, respectively.  This suggests that 
A. nidulans alters the plasma membrane fluidity in response to the membrane 
permeabilisation provoked by these ionic liquids.  Particularly for fasA, there is a 
correlation with the length of the alkyl substituent a d the effect provoked by the 
ionic liquid, supporting previous observations [6, 19].  No increase was observed in 
the expression of barA and lagA, two genes related with the synthesis of 
sphingolipids, which might be due to an arrest in the vegetative growth of the fungus 
as a first response to the toxic nature of these ionic liquids.  In good agreement with 
what is observed in cell wall stress conditions, the expression levels of the genes 
involved in chitin, 1,3-β-glucan and 1,3-α-glucan synthesis increased upon exposure 
to alkyltributylphosphonium chlorides.  The ionic liquids also led to the up-
regulation of the gene of one membrane sensor (wscA), but do not seem to alter the 
expression of the protein kinase gene mpkA.  If ionic liquids are indeed activating 
alterative signalling pathways, these compounds could be exploited to unravel 
unknown biological processes; however, further investigation is necessary. 
The data herein presented highlight that, after a preliminary screening, gene 
expression analysis is a powerful tool to investigate, in depth, the mechanisms of 
toxicity of ionic liquids.  Moreover, taken together, the data strongly indicate that 
cell wall damage is the common mechanism of toxicity of alkyltributylphosphonium 
chlorides, and plasma membrane permeabilisation appears only as a mechanism 
dependent on the increase in the length of the alkyl substituent.  Having in 
consideration their effects on the fungal cell walls (a structure which is absent in 
mammalian cells), the knowledge herein produced opens n w doors for the possible 
applications of this family of ionic liquids, e.g. as antifungal surface agents.  Studies 
on the molecular effects of ionic liquids can further elucidate their mechanisms of 
toxicity and those underlying microbial resistance to these compounds.  Moreover, it 
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paves the way to a broad range of new applications in biological sciences [54], in 
particular, ionic liquids use in altering the expression of genes of interest. 
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4.1. Abstract 
 
Understanding the mechanisms of toxicity of ionic liquids at a molecular level is 
crucial for the conscious design of novel biocompatible ionic liquids and for the 
development of new biological applications.  In this systematic study, we 
investigated the effects of three families of ionic liquids on the plasma membrane of 
the filamentous fungus Aspergillus nidulans. Using fluorescence microscopy and 
gene expression analysis by qRT-PCR, we were able to demonstrate that the widely 
studied 1-alkyl-3-methylimidazolium chlorides with long alkyl substituents cause 
membrane permeabilisation, contrary to the biocompatible cholinium alkanoates, 
although their toxicity also increases with the elongation of the anions alkyl chain.  
Further investigating the effects of charge, we have observed that a series of alkyl-
(2-hydroxyethyl)-dimethylammonium bromides lead to permeabilisation of the 
fungal plasma membrane with increasing length of one f the alkyl substituents in 
the cholinium cation.  We hypothesise that the chemical nature of the plasma 
membrane, which presents a heterogeneous charge distribut on along its surface, and 
the overall negative charge of the fungal cell wall is pivotal for the membrane 
permeabilising effects of ionic liquids. 
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4.2. Introduction 
 
Ionic liquids are generally defined as salts that are liquid below 100 °C [1], and their 
potential has been widely explored over the last deca s.  Millions of possible 
formulations are estimated, and several hundred ionic liquids are already well 
known and characterised [1, 2].  Extensive data on their chemistry and physical 
properties  is available, and numerous applications have been proposed [3].  Their 
enormous potential is often derived from their structural diversity and tuneable 
properties.  Despite their excellent solvation capaity, negligible vapour pressure, 
and bulk non-flammability [4] that rendered them the classification of “green” 
solvents, ionic liquids comprise a very heterogeneous group of fluids that are not 
intrinsically green.  Reviews on their environmental impact and biodegradability 
highlight the toxic nature and recalcitrance of some of these compounds [5, 6]. 
The group of imidazolium-based ionic liquids was one of the first to find 
application on an industrial scale and is probably the most investigated group of 
ionic liquids [3].  There are also a subject of several toxicity studies, focussing their 
advanced design to develop novel biocompatible and/or biodegradable materials, or 
new biocides [6].   Probably the first systematic studies on the ecotoxicity of ionic 
liquids were performed with imidazolium-based ionic liquids, where their 
antimicrobial properties were defined by the minimal inhibitory and lethal 
concentrations against relevant microbial strains [7]. Using the same methodology, 
the toxicity of 1-alkyl-3-methylimidazolium chlorides and bromides, amongst 
others, were also investigated.  In their toxicological assessment, the effect of the 
cation lipophilicity appears to be dominant, since th elongation of the side chain 
increased considerably the ionic liquids toxicities.  Those carrying long alkyl chains 
may interact and disrupt biological membranes, as demonstrated by the increased 
membrane/water partition coefficients [8]. 
Another group of interest amongst ionic liquids are the quaternary 
ammonium salts.  Their properties also depend on the chain length and functional 
groups of the cation and the anion [9].  These salts are well known and widely used 
in numerous applications e.g. as disinfectants, surfactants, antistatic agents ad 
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catalysts [10].  The most interesting group comprises those containing the cholinium 
(2-hydroxyethyltrimethylammonium) cation, mainly due to its benign nature [11-
17].  Cholinium chloride is a natural compound, part of the vitamin B complex, and 
its combination with biocompatible anions constituted a significant advance in the 
conscious design of ionic liquids.  These cholinium-based ionic liquids were proven 
to present lower toxicity in several studies, including the toxicological assessment of 
a series of cholinium alkanoates against filamentous f ngi from the genus 
Penicillium [18].  It was apparent that their toxicity increasd with the chain length 
of the anion, such as observed for some imidazolium-based ionic liquids.  These 
cholinium alkanoates were also shown to be highly biodegradable and some 
presented an excellent solvent ability towards e.g. suberin [19] and stearic acid [20, 
21].  As an excellent example of their applications, cholinium hexanoate was 
successfully employed in the extraction of the plant polyester suberin from cork, 
partially preserving the native structure of the polymer, allowing the formation of 
films with antibacterial properties [19, 22-24]. 
Despite many studies have already been published on ionic liquids toxicity 
towards a broad range of organisms, the great majority  is based on the 
determination of the inhibitory and lethal concentrations of these compounds [6].  A 
true understanding of the effects of these compounds which requires in-depth, 
molecular analysis of their mechanisms of toxicity is still lacking.  Recently, the first 
gene expression study on ionic liquids was performed with the soil bacterium 
Enterobacter lignolyticus after exposure to 1-ethyl-3-methylimidazolium chloride 
[25].  The molecular mechanisms underlying the resistance of this bacterial strain to 
considerably high concentrations of the ionic liquid were discussed.  Furthermore, 
the global alterations that two ionic liquids, 1-ethyl-3-methylimidazolium chloride 
and cholinium chloride, provoked in the proteome of the model filamentous fungi 
Aspergillus nidulans and Neurospora crassa were reported recently by our group 
[26].  The differential accumulation of mycelial proteins revealed that the bulk 
response was related to the chemical nature of the cation.  For example, the toxic 
nature of the imidazolium-based ionic liquids was emphasized by increase in drug 
transporter proteins and anti-ROS defence, and induction of autolysis in A. nidulans, 
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while the up-take of cholinium chloride suggested the production of the toxic 
compound cyanide, which might be a cause of the obsrved growth inhibition.  Our 
group was also able to demonstrate, through gene expression analysis by 
quantitative real-time PCR (qRT-PCR), that the mechanisms of toxicity of a series 
of alkyltributylphosphonium chlorides towards A. nidulans include plasma 
membrane permeabilisation and cell wall damage [27]. 
Plasma membrane permeabilisation is often regarded as a major mechanism 
of toxicity of ionic liquids.  Biological membranes are composed of a thin film of 
lipids and proteins [28].  The lipids are arranged as a double layer, and serve as a 
relatively impermeable barrier for most water-soluble molecules [29].  The most 
abundant lipids in the plasma membrane are phospholipids, which usually contain a 
glycerol unit with two fatty acids, a phosphate group, and a simple organic molecule 
such as choline, inositol, serine or ethanolamine.  This diversity of charged head 
groups and the heterogeneous distribution of phospholipids along the lipid bilayer 
confer a charged nature to the plasma membrane surface, which might be crucial for 
its interaction with ionic liquids and their toxic effects. 
In the present study, we aim at investigating the eff cts of imidazolium- and 
cholinium-based ionic liquids on the plasma membrane of the filamentous fungus 
A. nidulans.  Aspergillus nidulans has its genome completely sequenced, which 
allows the selection of genes of interest and the design of specific oligonucleotides.  
Through fluorescence microscopic, qRT-PCR analysis of genes involved in plasma 
membrane biosynthesis and molecular dynamics simulation, we were able to 
determine the different effects of 1-alkyl-3-methylimidazolium chlorides 
([Cnmim]Cl, where n = 2, 4, 6, 8 or 10), cholinium alkanoates (anion = ethanoate, 
butanoate, hexanoate, octanoate or decanoate) and alkyl-(2-hydroxyethyl)-
dimethylammonium bromides ([N1 1 n 2OH], where n = 2, 4, 6 ,8 10 or 12).  Overall, 
we demonstrate that both the structure of each ionic liquid family and the nature of 
biological membranes should be taken in consideration when analyzing the toxicity 
of these compounds. 
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4.3. Experimental 
 
4.3.1. Chemicals 
All compounds used in the preparation of minimal media, with the exception of 
NaCl (Panreac, 99.5%) were purchased from Sigma Aldrich: D(+)-glucose, 
K2HPO4, ZnSO4·7H2O, CuSO4·5H2O, FeSO4·7H2O, MgSO4·7H2O, NaNO3, KCl and 
poly(vinylpolypirrolidone). 
 
4.3.2. Ionic liquids 
All 1-alkyl-3-methylimidazolium chlorides ([Cnmim]Cl, where n = 2, 4, 6, 8 or 10) 
used in this study were purchased from Iolitec, Ionic Liquids Technologies. The 
cholinium alkanoates (anion = ethanoate, butanoate, h xanoate, octanoate or 
decanoate) were synthesised and characterized as previously described [18].  The 
series of alkyl-(2-hydroxyethyl)-dimethylammonium bromides ([N1 1 n 2OH], where 
n = 2, 4, 6 ,8 10 or 12) were synthesised with the following common method: in a 
Aldrich ace pressure tube (Z181064) at room temperature, a solution of the 
correspondent brominated derivative (45 mmol) dissolved in MeCN (5 mL) was 
added to 2-(dimethylamino)ethanol (4.1 g, 45 mmol) in MeCN (5 mL) and heated 
overnight at 60 ºC.  The solvent was removed by evaporation under vacuum and the 
salt was recrystallized from diethyl ether.  For [N1 1 2 2OH], the reaction mixture was 
heated for 20 min and the product was collected as a white solid in 96% yield.  For 
[N1 1 4 2OH], the salt was recovered as a white solid in 96%.  For [N1 1 6 2OH], the 
reaction mixture was heated during 72 hours and the product was obtained as a 
white gummy in 95%.  For [N1 1 8 2OH], a white salt was obtained in 93%.  For 
[N1 1 10 2OH], the product was obtained as a white solid in 95%. For [N1 1 12 2OH], a 
white solid was recovered in 95% yield. Spectral data for 1H and 13C NMR were 
identical to previously reported ones [30-34]. 
 
4.3.3. Fungal strain 
Aspergillus nidulans strain FGSC A4 was cultivated on dichloran-glycerol (DG18) 
agar (Oxoid) for five to six days at 27 °C.  Conidia were harvested with a solution of 
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0.85 wt.% NaCl and filtered through glass wool.  Conidia were used immediately or 
stored at -80 °C after being resuspension in a cryoprotective solution containing 
0.85% w/v NaCl and 10% v/v glycerol. 
 
4.3.4. Toxicity tests 
The toxicity of ionic liquids to A. nidulans was evaluated by determining their 
minimal inhibitory (MIC) and fungicidal concentrations (MFC), distinguishing 
between growth inhibition and death, respectively.  The minimal culture medium 
containing glucose (1.0 g l-1) and K2[HPO4] (1.0 g l
-1) was dissolved in distilled 
water, sterilised in an autoclave (20 min; 121 °C), and supplemented with the 
mixture of essential salts, previously sterilised by filtration: NaNO3 (3.0 g l
-1), 
ZnSO4·7H2O, (0.01 g l
-1), CuSO4·5H2 O(0.005 g l
-1), MgSO4·7H2O (0.5 g l
-1), 
FeSO4·7H2O (0.01 g l
-1) and KCl (0.5 g l-1).  The ionic liquids were added to the 
minimal culture media with final concentrations from 10 µM to 4 M (distributed 
stepwise from 15 µM to 100 mM).  Each liquid medium (1 cm3) was inoculated with 
a suspension of fungal conidia, at a final concentration of 105 conidia per cm3, and 
divided into four wells (0.25 cm3 each) of a 96-well microtitre plate.  Cultures were 
incubated in the dark, at 27 °C, for seven days.  Fungal growth (or lack thereof) was 
evaluated at the end of incubation, gauging by eye the formation of mycelium 
(turbidity) and/or conidia.  The lowest concentration that inhibited growth was taken 
as the MIC.  Additionally, all the samples where no active growth was detected were 
used as inocula and spread, with a 1 µl loop, onto malt extract agar medium (Oxoid).  
The plates were incubated in the dark, at 27 °C, for seven days.  The lowest 
concentration of the testing compound which resulted in unviable conidia was taken 
as the MFC.  MIC and MFC values should not be interpreted as absolute ones, but as 
an indication of the inhibitory and the fungicidal upper concentration limits. 
 
4.3.5. Plasma membrane permeabilisation assay 
Ionic liquids were tested for the plasma membrane permeabilisation assessment with 
the testing concentrations of 0.01, 0.1, 1, 10 and 100 mM (also 1 and 2 M for some 
cases).  In order to facilitate the comparison of ionic liquids effects, despite some 
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exceptions, the selected testing concentrations range below and above the previously 
obtained MIC and MFC values.  A suspension of 106 freshly-harvested conidia per 
cm3 of the testing ionic liquid solution was incubated for one hour at 27 °C under 
agitation (90 rpm).  Conidia suspension was centrifuged (15 000 rpm, 4 °C) and 
washed three times with a saline solution in order to remove the ionic liquid.  
Conidia were incubated afterwards with propidium iodide (PI) (λex = 538 nm, 
λem = 617 nm, red), at the final concentration of 20 µM, for 15 min, at 27 °C in the 
dark and under agitation.  Residual dye was removed by centrifugation (15 000 rpm, 
4 °C) and washing (3×) and conidia were resuspended in 100 µl of saline solution 
with 10% v/v glycerol.  Slides were mounted with 10 µl of the obtained suspension, 
in three technical replicates.  Conidia were observed with an Axio Imager.M1 
fluorescence microscope (Zeiss) using a 15 AlexaFluor 546 filter set (PI-stained 
conidia) and differential interference contrast (DIC, total number of conidia).  The 
objective was an EC Plan-Neofluar with 40× magnification and images were 
captured with an ORCA-ER digital camera (Hamamatsu).  Three fields of view from 
each slide were chosen randomly.  Counting of conidia was carried out manually in 
JMicroVision v1.27.  The percentage of membrane-damaged cells was obtained as 
(number of PI-stained conidia / total number of conidia) × 100.  The experiment was 
repeated three times.  
 
4.4.6. Biodegradability assessment 
Concentrations of ionic liquids used in the biodegradability assay were 
approximately one half of the previously determined MIC values, except for 
[C2mim]Cl, [C4mim]Cl, cholinium ethanoate, cholinium butanoate, [N1 1 2 2OH]Br and 
[N1 1 4 2OH]Br, for which the maximum concentration tested was 100 mM.  Fungal 
cultures were inoculated as described in the subsection 4.3.4, and incubated in the 
dark at 27 °C for 1, 2, 5 and 7 days.  The cultivation media were recovered and 
concentrations of the ionic liquids cations ([Cnmim]
+, cholinium and [N1 1 n 2OH]
+) 
and anions (alkanoates only) were determined by liquid chromatography.  The 
chromatographic conditions used for each ionic liquid family are described in    
Table 4.1. 
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Table 4.1. Liquid chromatography conditions for the quantificat on of ionic liquids ions in 
the culture media. 
Ion Detection / 
nm 
Column Mobile phase Flow rate / 
mL min -1 
[C2mim]
+ 218 Synergi Polar-RP 
column (150 × 4.6 
mm) packed with polar 
endcapped particles   
(4 µm, pore size 80 Å) 
(Phenomenex), set at 
26 °C 
98% A1 + 2% B1 0.8 
[C4mim]
+ 94% A1 + 6% B1 1.2 
[C6mim]
+ 80% A1 + 20% B1 1.2 
[C8mim]
+ 50% A1 + 50% B1 1.0 
[C10mim]
+ 40% A1 + 60% B1 1.0 
     
cholinium 215 Synergi Polar-RP 
column (150 × 4.6 
mm) packed with polar 
endcapped particles   
(4 µm, pore size 80 Å) 
(Phenomenex), set at 
26 °C 
98% A2 + 2% B2 1.0 
[N1 1 2 2OH]
 + 95% A2 + 5% B2 
[N1 1 4 2OH]
 + 70% A2 + 30% B2 
[N1 1 6  2OH]
 + 45% A2 + 55% B2 
     
ethanoate 212 Acquity UPLC HSS 
C18 (2.1 × 150 mm), 
1.8 µm particle size 
column (Waters), set at 
25 °C 
Linear gradient from 
10% to 95% of B3 
(90% to 5% of A3) 
in 5.7min, then to 
100% of B3in 1.3 
min. Return to initial 
conditions in 1.5 
min, maintaining for 
1.5 min 
0.4 
butanoate 
hexanoate 
octanoate 
decanoate 
A1) aqueous solution of 5 mM phosphate buffer, pH 3; B1) acetonitrile; A2) aqueous solution of 0.1% 
(v/v) heptafluorobutyric acid, pH 6; B2) methanol, A3) aqueous solution of 0.1% (v/v) phosphoric acid; 
B3) acetonitrile. 
 
 
4.3.7. Experimental conditions for gene expression analysis 
A suspension of 106 freshly-harvested conidia per cm3 of medium was incubated in 
25 cm3of minimal medium for 24 hours at 27 °C, without agit tion.  The minimal 
culture medium containing glucose (10.0 g l-1) and K2HPO4 (1.0 g l
-1) was dissolved 
in distilled water, sterilised in an autoclave (10 min; 115 °C), and supplemented with 
the mixture of essential salts (as described above).  After 24 hours of growth, ionic 
liquids ([Cnmim]Cl, where n = 6, 8 or 10; choline hexanoate; choline octoanoate; 
choline decanoate and; [N1 1 n 2OH]Br, where n = 6, 8, 10 or 12) were added to the 
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culture media to obtain a final concentration corresponding to 80% of the MIC of 
each compound and incubated for one, two or four hors.  A control without ionic 
liquids was also included. 
 
4.3.8. Oligonucleotides design 
Based on the sequences of A. nidulans genes (Aspergillus Genome Database, 
http://www.aspergillusgenome.org/), oligonucleotide pairs (Table 4.2) [27] were 
designed using the GeneFisher2 web tool (http://bibiserv.techfak.uni-
bielefeld.de/genefisher2), and produced by Thermo Fisher Scientific. 
 
Table 4.2.  List of the designed qRT-PCR oligonucleotides (forward and reverse) used in 
this study.  The selected genes are involved in plasma membrane biosynthesis of Aspergillus 
nidulans.  The γ-actin (actA) gene was selected as housekeeping (internal control). 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.9. Total RNA extraction and cDNA synthesis 
Mycelia from controls or exposed to ionic liquids were recovered by filtration 
(0.45 µm membrane filters, Millipore) and immediately frozen in liquid nitrogen.  
Approximately 100 mg of frozen mycelia was grounded with 
poly(vinylpolypirrolidone) (0.4 mg per mg of mycelia) with a mortar and pestle.  
The final powder was used in the extraction and purification of total RNA using the 
RNeasy Plant Mini Kit (QIAGEN), according to the manufacturer’s protocol.  
Name Gene (Code) Sequence (5′ to 3′) 
HMGR1f HMGR1 (AN3817) AAGCACTCCATGTCATGGCTA 
HMGR1r HMGR1 (AN3817) TAATAGCCTCAGCCACAACTGA 
AN9407F fasA (AN9407) CTTCAAAGCAAGGTCTTCCTGA 
AN9407R fasA (AN9407) CGCCAGGGACTCAATCACA 
AN9408F fasB(AN9408) TTGGAAGACGTGAAGGCTCA 
AN9408R fasB (AN9408) GGTACGTCGATTCCCTTCAGA 
barAf barA (AN4332) GTGGTGCTCAACCTGATGGA 
barAr barA (AN4332) TGGGTACATGATATGGCGTGA 
lagAf lagA (AN2464) TCCCCACAGAGAGCACGAA 
lagAr lagA (AN2464) GATGATGTGGTGGCCCACA 
ACTF actA (AN6542) CTGGGACGACATGGAGAAGAT 
ACTR actA (AN6542) GTAGATGGGGACGACGTGAG 
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Genomic DNA digestion was done with the RNase-Free DNase Set (QIAGEN).  
Quality, integrity and quantity of the total RNA were analysed in a NanoDrop 1000 
Spectrophotometer (Thermo Scientific) and by running 2 µg of RNA into 1% 
agarose gels in TBE buffer 1×.  The complementary DNA (cDNA) was synthesised 
from 100 ng of the total RNA using an iScript cDNA Synthesis Kit (Bio-Rad) in an 
Applied Biosystems 2720 Thermal Cycler.  The reaction protocol consisted of 5 min 
at 25 °C, 30 min at 42 °C and 5 min at 85 °C.  
 
4.3.10. Quantitative real-time PCR analysis 
The qRT-PCR analysis was performed in a CFX96 Thermal Cycler (Bio-Rad), using 
the SsoFast EvaGreen Supermix (Bio-Rad), 250 nM of each oligonucleotide and the 
cDNA template equivalent to 1 ng of total RNA, at a final volume of 5 µl per well, 
in three technical replicates.  The PCR conditions were: enzyme activation at 95 °C 
for 30 s; 40 cycles of denaturation at 95 °C for 10 s and annealing/extension at 59 °C 
for 30 s; and melting curve obtained from 65 °C to 95 °C, consisting of 0.5 °C 
increments for 5 s.  Data analyses were performed using the CFX Manager software 
(Bio-Rad).  The expression of each gene was taken as the relative expression 
compared to the time-zero (before incubation with the ested compounds). The 
expression of all target genes was normalised by the expression of γ-actin (internal 
control). 
 
4.3.11. Statistical analysis 
Three biological replicates were performed.  Statistical analysis of the qRT-PCR 
data was performed in the GraphPad Prism v6.0 software.  Treatments with ionic 
liquids were compared with the control for every resp ctive hour of exposure by 
multiple Student’s t-test.  Differences with a p-value below 0.05 were considered 
statistically significant. 
 
4.3.12. Molecular dynamics simulation 
Molecular dynamics simulations of lipid bilayers with aqueous solutions of different 
ionic liquids, namely [C8mim]Cl and cholinium octanoate, were carried out using 
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the DLPOLY package [35].  Water and all ionic liquids were modelled using, 
respectively, SPC model [36] and a previously described all atom force field 
(CL&P) [37-39], which is based on the OPLS-AA framework [40] but was to a large 
extent developed specifically to encompass entire ionic liquid families.  Similarly, 
the bilayer (composed of 75% palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 
POPC and 25% palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine, POPS, with K+ as 
counter ion) was modelled using OPLS-AA.  For each bilayer, starting initial 
configurations composed of 4600 water molecules, 16 ion pairs and 100 
phospholipids bilayer was constructed with Packmol [41].  The boxes were 
equilibrated under isothermal−isobaric ensemble conditi ns for 1 ns at 298K and 
1 atm using the Nosé−Hoover thermostat and isotropic barostat with time constants 
of 0.5 and 2 ps, respectively. Several (at least four) consecutive simulation runs of 
1 ns were used to produce equilibrated systems at the studied temperature.  
Electrostatic interactions were treated using the Ewald summation method 
considering six reciprocal-space vectors, and repulsive−dispersive interactions were 
explicitly calculated below a cut-off distance of 1.6 nm (long-range corrections were 
applied assuming the system has an uniform density beyond that cut-off radius).  
Details concerning this type of simulation can be found elsewhere [37-39]. 
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4.4. Results and Discussion 
 
In this study, a systematic investigation on the toxicity of a series of imidazolium- 
and cholinium-based ionic liquids against the filamentous fungi A. nidulans was 
performed.  More specifically, this systematic study focussed on understanding  
ionic liquids effects on the cell envelope of this filamentous fungus, namely on its 
plasma membrane. 
 
4.4.1. Imidazolium-based ionic liquids are relatively more toxic than cholinium 
alkanoates 
When analysing the toxicity of [Cnmim]Cl (where n = 2, 4, 6 8 or 10), their MIC 
values for A. nidulans were distributed over a broad range, from 0.2 mM to 1.39 M  
(Table 4.3). Their MFC values were nearly identical to their MIC values, with the 
exception of [C2mim]Cl, that was not lethal to A. nidulans even after exposure at the 
highest tested concentration (4 M).  This reinforces previous observations that 
filamentous fungi, including A. nidulans and species of the Penicillium genus, show 
high tolerance [18, 42, 43].  It is clearly observed that the toxic effect of [Cnmim]Cl 
(where n = 2, 4, 6 8 or 10) was defined solely by the cation structure, increasing 
almost exponentially, with the elongation of the alkyl chain substituent (Table 4.3 
and Fig. 4.1A).  
 
Table 4.3.  Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) 
of the 1-alkyl-3-methylimidazolium chlorides [Cnmim]Cl (where n = 2, 4, 6 8 or 10) and 
cholinium alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate or decanoate), 
defined for Aspergillus nidulans.  Values are represented in mM. 
Ionic liquid MIC MFC  Ionic liquid MIC MFC 
[C2mim]Cl 1390 > 4000  cholinium ethanoate 1450 > 4000 
[C4mim]Cl 445 450  cholinium butanoate 345 1000 
[C6mim]Cl 7 7  cholinium hexanoate 56 59 
[C8mim]Cl 0.9 0.9  cholinium octanoate 19.8 22.8 
[C10mim]Cl 0.2 0.2  cholinium decanoate 4.3 5 
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Despite its limitations, the trend observed for [Cnmim]Cl (where n = 2, 4, 6 
8 or 10) can be explained by the 1-octanol/water partition (logP) or distribution 
(logD) coefficients.  The logD values for [Cnmim]Cl (where n = 2, 4, 6 8 or 10) were 
calculated using the Chemicalize.com by ChemAxon software.  It ranged linearly 
from -2.47 to 2.11, suggesting a relative scale of hydrophobicity for [Cnmim]Cl with 
longer alkyl chain substitutents (n > 4), expected to increase linearly with the 
increase of the number of carbon atoms in the substit en . 
 
 
 
Fig. 4.1. Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) of 
A) 1-alkyl-3-methylimidazolium chlorides [Cnmim]Cl (where n = 2, 4, 6 8 or 10) and B) 
cholinium alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate or decanoate), 
defined for Aspergillus nidulans.  MIC and MFC values are plotted on a logarithmic scale.  
Open triangles represent not the MFC, but the highest value tested for that ionic liquid. 
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Cholinium alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate 
or decanoate) present effects similar to [Cnmim]Cl (where n = 2, 4, 6, 8 or 10), but 
seem to be less toxic than the latter, with MIC andMFC values at least one order of 
magnitude higher for ionic liquids with longer alkyl chains (Table 4.3).  Cholinium 
alkanoates MIC values for A .nidulans range from 4.3 mM to 1.45 M and their 
determined MFC values range from 5 mM to 1 M.  Similarly to what is observed for 
[C2mim]Cl, the MFC of cholinium ethanoate could not be determined and is above 
4 M.  Nevertheless, the toxic effect of cholinium alkanoates seem to be defined by 
the anion structure and, likewise what is observed for [Cnmim]Cl (where n = 2, 4, 6 
8 or 10), it seems to increase exponentially with the elongation of the anion alkyl 
chain (Table 4.3 and Fig. 4.1B).  The logD values of the isolated anions of 
cholinium alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate or 
decanoate) were predicted to increase linearly from -0.265 to 1.52.  This suggests a 
relative scale of lipophilicity for the anions, and was previously taken as a possible 
explanation for the toxic effects of cholinium alkano tes [18]. 
 
4.4.2. Cholinium alkanoates are readily degradable, while imidazolium-based 
ionic liquids are recalcitrant to degradation 
The biodegradation of [Cnmim]Cl (where n = 2, 4, 6 8 or 10) and cholinium 
alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate or decanoate)  was 
assessed by liquid chromatography after one, two, five and seven days of growth of 
A. nidulans in media supplemented with approximately one half of the previously 
determined MIC values, except for [C2mim]Cl, [C4mim]Cl, cholinium ethanoate and 
cholinium butanoate, which tested concentration was 100 mM.  While the [Cnmim]
+ 
cation was apparently recalcitrant to degradation, keeping its levels constant during  
the incubation period, cholinium alkanoates were readily degraded by the fungus 
(Table 4.4).  From the first and second days of incubation, decrease in the amounts 
of anions and cations in the media was already observed.  The alkanoates seem to be 
consumed at a greatest rate than the cholinium cation.  For example, after five days 
A. nidulans is able to deplete almost the totality of the anion of cholinium hexanoate, 
while only 9% of the cation seems to be consumed.  Moreover, anions with longer 
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chains seem to be more efficiently degraded than shorter chain ones.  These 
observations have also been previously reported for filamentous fungi of the genus 
Penicillium [18].  The ability of A. nidulans to degrade cholinium alkanoates further 
reinforces the biodegradable nature of these ionic liquids. 
 
Table 4.4.  Biodegradation assessment of 1-alkyl-3-methylimidazolium chlorides [Cnmim]Cl 
(where n = 2, 4, 6 8 or 10) and cholinium alkanoates (anion = ethanoate, butanoate, 
hexanoate, octanoate or decanoate), after incubation with Aspergillus nidulans for one, two, 
five and seven days. 
   
Amount in culture (%) 
Ionic 
liquid 
Initial 
concentration 
Ion 1 day 2 days 5 days 7 days 
[C2mim]Cl 100 mM + 99.2 ± 1.1 100.1 ± 0.2 97.8 ± 1.3 100.8 ± 0.3 
[C4mim]Cl 100 mM + 100.1 ± 0.1 99.8 ± 0.2 99.3 ± 0.2 98.9 ± 0.1 
[C6mim]Cl 3.5 mM + 100.2 ± 0.0 100.1 ± 0.1 99.0 ± 0.5 99.3 ± 0.1 
[C8mim]Cl
 0.45 mM + 104.5 ± 0.1 104.1 ± 0.3 102.6 ± 0.1 102.7 ± 0.2 
[C10mim]Cl 0.1 mM + 96.0 ± 0.6 94.7 ± 0.6 93.05 ± 0.6 92.4 ± 0.0 
       
cholinium 
ethanoate 
100 mM + 99.9 ± 0.0 99.3 ± 0.2 87.1 ± 0.7 77.2 ± 0.2 
  − 94.1 ± 0.5 63.1 ± 0.6 n.d. n.d. 
cholinium 
butanoate 
100 mM + 100.1 ± 0.1 99.3 ± 0.1 91.8 ± 0.2 77.2 ± 0.1 
  − 99.3 ± 0.4 96.5 ± 0.3 69.1 ± 0.3 59.1 ± 0.0 
cholinium 
hexanoate 
28 mM + 100.0 ± 0.1 99.4 ± 0.2 98.8 ± 0.1 91.1 ± 1.1 
  − 87.6 ± 0.2 57.4 ± 0.3 0.4 ± 0.0 0.4 ± 0.0 
cholinium 
octanoate 
9.9 mM + 98.1 ± 0.8 98.2 ± 0.3 97.3 ± 0.6 80.5 ± 0.8 
  − 96.1 ± 0.7 91.4 ± 0.5 33.0 ± 0.0 11.1 ± 0.0 
cholinium 
decanoate 
2.2 mM + 94.2 ± 2.1 91.8 ± 0.8 82.7 ± 2.6 36.2 ± 0.3 
  − 97.7 ± 0.2 90.1 ± 0.2 54.2 ± 0.1 23.8 ± 0.1 
n.d. = not determined; + = cation; − = anion 
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4.4.3. Imidazolium-based ionic liquids, but not cholinium alkanoates, 
permeabilise the fungal plasma membrane 
The toxicity trend observed for both [Cnmim]Cl (where n = 2, 4, 6 8 or 10) and 
cholinium alkanoates has already been observed in other reports including 
imidazolium, ammonium and phosphonium derivatives [42, 44, 45].  This trend, as 
aforementioned, is usually correlated with increased lipophilicity of the ionic liquids 
[46].  It is thought that, through interaction with t e plasma membrane, these ionic 
liquids can permeabilise the membrane and cause loss of its integrity, leading to 
leakage of intracellular material and, ultimately, cell death.  Using a microscopic 
assessment [42], we investigated the ability of [Cnmim]Cl (where n = 2, 4, 6 8 or 10) 
and cholinium alkanoates to permeabilise the membrane of A. nidulans conidia.   
Aspergillus nidulans conidia were exposed to distinct concentrations of 
[Cnmim]Cl (where n = 2, 4, 6, 8 or 10) or cholinium alkanoates (anion = ethanoate, 
butanoate, hexanoate, octanoate or decanoate) for one h ur and stained with 
propidium iodide (PI).  PI can only enter membrane-damaged cells where it binds to 
nucleic acids (detected as red fluorescence), thus revealing ionic liquids able to 
permeabilise the plasma membrane.  The concentrations selected were 0.01, 0.1, 1, 
10 and 100 mM, covering values below and above the MFC for the majority of the 
tested ionic liquids.  For ionic liquid with higher MIC and MFC values, 1 and 2 M 
concentrations were also tested.  For each testing co dition the percentage of cells 
with membrane damage was determined.  The saline solution control (0.85% wt. 
NaCl) showed approximately 6% of conidia with membrane damage, considered as 
a basal level of injured cells or a consequence of the harvesting procedure.   
For [Cnmim]Cl (where n = 2, 4, 6, 8 or 10), percentages of membrane-
damaged conidia after exposure to concentrations below MFC values were low and 
reasonably similar to the control (Table 4.5, Figure 4.2A).  Obviously, the increase 
in concentration, still below the MFC, was followed by a slight increase in the 
number of membrane-damaged cells.  When testing concentrations above the MFC 
value, i.e. leading to cell death, it was clear that [Cnmim]Cl with longer alkyl 
substituents (n = 6, 8 or 10) induced a great increase in the percentage of membrane-
damaged conidia, reaching more than 90% for 100 mM of [C8mim]Cl and for 10 
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mM of [C10mim]Cl.  Surprisingly, incubation with cholinium alkanoates did not lead 
to high percentages of membrane-damaged conidia, even at concentrations above the 
MFC values.  The only exception was cholinium decanoate that presented 26% of 
membrane-damaged conidia after exposure to 100 mM of the ionic liquid.  This 
value is, however, considerably low when compared to the effects of 100 mM 
[C10mim]Cl, which led to 95% of damaged cells.  These observations clearly support 
that, despite these two ionic liquids families present the same trend regarding its 
toxic effects, [Cnmim]Cl with longer alkyl substituents (n ≥ 6) seem to induce 
membrane permeabilisation, while cholinium alkanoates do not cause this effect. 
 
Table 4.5.  Percentage of membrane-damaged conidia after one h ur of incubation with 
[Cnmim]Cl (where n = 2, 4, 6, 8 or 10) or cholinium alkanoates (anion = ethanoate, 
butanoate, hexanoate, octanoate or decanoate), obtained s (number of propidium iodide-
stained conidia / total number of conidia) × 100.  Percentage in the saline solution control 
was 5.87%.  Emboldened values were obtained with concentrations above the MFC. 
Ionic 
liquid 
Concentration / mM 
0.01 0.1 1 10 100 1000 2000 
[C2mim]Cl n.d. n.d. n.d. n.d. n.d. 
7.8 ± 
3.6 
8.0 ± 
3.7 
[C4mim]Cl n.d. 
5.6 ± 
0.5 
6.3 ± 
1.8 
6.3 ± 
1.1 
32.3 ± 
2.0 
32.4 ± 
2.1 
n.d. 
[C6mim]Cl 
7.1 ± 
0.7 
9.2 ± 
1.5 
11.4 ± 
0.6 
25.0 ± 
3.7 
34.6 ± 
1.0 
n.d. n.d. 
[C8mim]Cl 
8.2 ± 
2.2 
10.5 ± 
2.0 
16.8 ± 
3.6 
46.7 ± 
3.6 
92.6 ± 
3.8 
n.d. n.d. 
[C10mim]Cl 
9.8 ±  
1.8 
13.6 ± 
1.5 
50.0 ± 
6.3 
91.4 ± 
4.6 
94.7 ± 
4,1 
n.d. n.d. 
        
cholinium 
ethanoate 
n.d. n.d. n.d. n.d. n.d. 
12.4 ± 
6.2 
27.9 ± 
1.9 
cholinium 
butanoate 
n.d. 
5.6 ± 
0.2 
6.9 ± 
1.0 
8.1 ± 
1.4 
9.2 ± 
0.9 
31.2 ± 
4.1 
n.d. 
cholinium 
hexanoate 
5.8 ± 
0.9 
5.7 ± 
0.8 
6.1 ±  
0.3 
6.6 ± 
1.3 
8.2 ± 
1.6 
n.d. n.d. 
cholinium 
octanoate 
5.2 ± 
0.9 
5.9 ± 
1.1 
5.7 ± 
1.3 
6.5 ± 
1.1 
9.7 ± 
1.9 
n.d. n.d. 
cholinium 
decanoate 
5.3 ± 
1.0 
7.1 ± 
1.0 
6.9 ± 
2.7 
14.2 ± 
1.3 
25.9 ± 
2.7 
n.d. n.d. 
n.d. = not determined. 
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Fig. 4.2. Percentage of membrane-damaged conidia after one hour of incubation with 
[Cnmim]Cl (where n = 2, 4, 6, 8 or 10) (A) or cholinium alkanoates (anion = ethanoate, 
butanoate, hexanoate, octanoate or decanoate) (B), obtained as (number of propidium iodide-
stained conidia / total number of conidia) × 100. 
 
 
To further validate these observations, a molecular an lysis of the effects of 
these two families of ionic liquids on the plasma membrane was performed.  In the 
present study, A. nidulans was incubated for one, two or four hours with [Cnmim]Cl 
(n = 6, 8 or 10) or cholinium alkanoates (anion = hexanoate, octanoate or decanoate) 
and the expression of genes involved in plasma membrane biosynthesis was then 
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analysed by qRT-PCR.  The fungal plasma membrane is a lipid bilayer composed 
mainly by three types of lipids: phospholipids, sterols and sphingolipids.  In 
filamentous fungi, ceramides are the most common type of sphingolipids, being 
composed of a sphingoid base and a very-long-chain fatty acid [47].  In A. nidulans, 
two enzymes, encoded by arA and lagA, are responsible for their condensation.  In 
a previous study, exposure to membrane-permeabilising ionic liquids, namely 
alkyltributylphosphonium chlorides, did not lead to any increase in the expression of 
either barA or lagA in A. nidulans [42].  Actually, it induced a slight decrease in the 
expression levels of these genes at the first hour of incubation.  This was considered 
to be a consequence of the toxic nature of the testd ionic liquids. These lipids are 
present particularly at the hyphal tip, playing a crucial role in polarity and growth 
[47, 48].  Upon exposure to ionic liquids, most like y vegetative growth ceases and 
the biosynthetic machinery is redirected towards the response to the compounds 
toxic effects.  This also justifies why, in the present study, no increase in the 
expression of barA or lagA was observed after exposure to either [Cnmim]Cl (n = 6, 
8 or 10) or cholinium alkanoates (anion = hexanoate, octanoate or decanoate) (Fig. 
4.3).  In fact, as observed for alkyltributylphosphonium chlorides, barA expression 
levels decreased for most of the tested conditions. 
Ergosterol is the major sterol present in the fungal pl sma membrane.  It is 
only found in fungi, thus being this lipid and its biosynthetic pathway important 
targets in antifungal drugs development [49].  The amount of ergosterol in 
membranes determines their fluidity.  Plasma membrane fluidity, on the other hand, 
is crucial for determining its sensitivity or resistance to agents that can cause its 
permeabilisation [50].  Those enriched in ergosterol a e less fluid, and seem to be 
more resistant to membrane-damaging compounds [50]. In A. nidulans, HMGR1 
codes for a putative 3-hydroxy-3-methylglutaryl-Coenzyme A (HMG-CoA) 
reductase, responsible for the rate-limiting step in ergosterol biosynthesis [51].  
Differently from what it was observed for alkyltributylphosphonium chlorides [42], 
no significant increase in the expression levels of A. nidulans HMGR1 were 
observed upon exposure to either [Cnmim]Cl (n = 6, 8 or 10) or cholinium 
alkanoates (anion = hexanoate, octanoate or decanoate).  Ergosterol is not the only 
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component of the plasma membrane responsible for its fluidity, and no direct 
correlation between ergosterol amounts and sensitivity or resistance to cationic, 
membrane-permeabilising agents (e.g. chitosan) could be observed [52]. The 
balance between saturated and unsaturated fatty acids, however, seems to play a 
crucial role in this feature.  Filamentous fungi can alter the fatty acid composition of 
their membranes, regulating its fluidity to overcome adverse environments, e.g. 
Neurospora crassa upon increased temperatures [53]. 
Since present in all phospholipids, synthesis of fatty cids is required for the 
formation of new phospholipid molecules.  Aspergillus nidulans possess two genes 
involved in the de novo synthesis of fatty acids, fasA and fasB [54], which encode 
the two subunits of the enzymatic complex responsible for the formation of saturated 
long-chain fatty acids [55].  It was previously reported that the α subunit of the fatty 
acid synthase, FasA, of the fungus Pleurotus tuber-regium was amongst the proteins 
with increased accumulation after treatment with the nonionic surfactant Tween 80 
[56].  Moreover, exposure to alkyltributylphosphonium ionic liquids led to an 
increase in the expression of fasA in A. nidulans, in a manner that is dependent on 
the alkyl substituent length [42].  In the present study, all tested [Cnmim]Cl induced 
an up-regulation of asA in A. nidulans, as previously reported for the membrane-
permeabilising ionic liquids  alkyltributylphosphonium chlorides [42].  After only 
one hour, this gene was up-regulated 3.2- and 3.8-fold after exposure to [C6mim]Cl 
and [C8mim]Cl, respectively, and reached a maximum of 4.0-fold in the presence of 
[C10mim]Cl after two hours.  Further supporting these observations and the likely 
increase in saturated fatty acid synthesis upon exposure to ionic liquids, the gene 
coding for the other subunit of A. nidulans, fasB, was also detected significantly up-
regulated.  The trend of expression of fasB was considerably similar to the one 
obtained for fasA, and fold-change values reached 3.5 after one hour of exposure to 
[C6mim]Cl and 4.9 and 5.4 after two hours of incubation with [C8mim]Cl and 
[C10mim]Cl, respectively. Exposure of A. nidulans to cholinium alkanoates, on the 
other hand, did not led to increased expression of neither fasA nor fasB.  After one, 
two or four hours of exposure to cholinium hexanoate, cholinium octanoate and 
cholinium decanoate, the expression levels of these genes remained constant.  
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Together with fluorescent microscopy data, gene expression reveaed that, despite 
predicted as a possible mechanism of toxicity for bth [Cnmim]Cl and cholinium 
alkanoates, plasma membrane permeabilisation was only observed for the former. 
 
 
Fig. 4.3. Relative expression of genes involved in plasma membrane biosynthesis (lagA, 
barA, HMGR1, fasA and fasB) by qRT-PCR.  Aspergillus nidulans was exposed to 
[Cnmim]Cl (where n = 6, 8 or 10) or cholinium alkanoates (anion = hexanoate, octanoate or 
decanoate) for one (white), two (grey) or four hours (black).  The y axes represent the fold-
change of gene expression relative to the culture at time zero (before exposure).  γ-actin gene 
was used as internal control.  The asterisk marks significant difference (p-value < 0.05) in 
expression of each treatment when compared to the control for the same period of 
incubation. 
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4.4.4. Plasma membrane permeabilisation depends on the nature of the ionic 
liquids ions and of the membrane itself 
The differences in the observed effects of [Cnmim]Cl (where n = 2, 4, 6, 8 or 10)  
and cholinium alkanoates is most likely due to the nature of biological membranes 
and each ionic liquid family.  The plasma membrane is charged along its surface, 
due to the different composition of neutral and negatively charged head groups of its 
composing phospholipids.  Toxicity of [Cnmim]Cl (where n = 2, 4, 6, 8 or 10) seems 
to be closely dependent on the elongation of the alkyl substituent of the cation, while 
for cholinium alkanoates (anion = ethanoate, butanoate, hexanoate, octanoate or 
decanoate), increase in the number of carbons in the anion seems to rule their 
toxicity.  It is likely that the presence of negatively charged phospholipids facilitate 
the interaction of the [Cnmim]
+ cation with the membrane, allowing its 
permeabilisation, while the anions from cholinium alkanoates are most likely kept 
away from the membrane surface. 
To support this hypothesis, molecular dynamics simulations of lipid bilayers 
with aqueous solutions of different ionic liquids, namely [C8mim]Cl or cholinium 
octanoate, were carried out using the DLPOLY package [35].  The phospholipid 
bilayer was composed of 75% of the neutral palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, POPC and 25% of the negatively charged palmitoyl-2-oleoyl-sn-
glycero-3-phosphoserine, POPS, in order to obtain co ditions that would better 
represent the heterogeneous charge distribution along the plasma membrane surface 
(Fig. 4.4A). [C8mim]Cl or cholinium octanoate were added to the system at a 
concentration of 200 mM and simulation runs of 1 ns were performed to observe the 
behaviour of each ionic liquid counter ion.  When analysing the density of specific 
atoms of each ionic liquid ion in the simulation boxes (not shown), it was clearly 
observed that the cations of [C8mim]Cl were more likely to be found near the 
charged bilayer surface than the anions of cholinium alkanoate, which stayed in the 
aqueous phase of the system (Fig. 4.4B and C).  Although cholinium octanoate does 
not seem to permeabilise the fungal plasma membrane, the cholinium cation could 
also be found near the lipid bilayer surface (Fig. 4.4C).  Plasma membrane 
permeabilisation by ionic liquids is most likely a two-step process, as already 
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suggested for other cationic agents, e.g chitosan [50] and cationic antimicrobial 
peptides [57].  Ionic liquids would first bind to the membrane surface and cover it in 
a carpet-like manner; this interaction is electrostatically driven due to the positive 
charges of the ionic liquids cations.  In a second step, the long alkyl chain of 
[C8mim]Cl would probably interact with the hydrophobic regions of the lipid 
bilayer, facilitating its permeabilisation.  This could not be seen in the molecular 
dynamics simulations, probably because it would requir  much longer runs.  The 
structure of cholinium cation, bulkier and with the presence of a terminal hydroxyl 
group, would prevent interaction of the molecule with the hydrophobic regions of 
the lipid bilayer and, consequently, its permeabilisation. 
 
 
 
Fig. 4.4.  Snapshots of the molecular dynamics simulations of a lipid bilayer composed of 
75% palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 25% palmitoyl-2-oleoy-sn-
glycero-3-phosphoserine alone (A) or with a concentration of 200 mM of [C8mim]Cl (B) or 
cholinium octanoate (C).  Grey and white arrows point at [C8mim]
+ and cholinium cations 
near the membrane surface; black arrows point at oct n ate anions in the aqueous phase of 
the system. 
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4.4.5. Elongation of an alkyl chain in the cholinium cation induces plasma 
membrane permeabilisation  
Cholinium alkanoates cannot permeabilise the lipid bilayer of the plasma membrane, 
mainly due to the anionic nature of the alkyl chain, most likely repelled by the 
negative charges of the membrane surface, and the structure of the cholinium cation 
that despite being able to interact with the membrane surface, cannot further 
permeabilise it.  To determine if alterations in the structure of the cholinium cation 
would allow plasma membrane permeabilisation, we decided to synthesise a series 
of ionic liquids in which one of the alkyl chains in the cholinium cation was linearly 
elongated, namely alkyl-(2-hydroxyethyl)-dimethylammonium bromides 
([N1 1 n 2OH]Br, where n = 2, 4, 6, 8, 10 or 12).  Analysing their toxicity, MIC values 
for A. nidulans were distributed over a broad range, from 0.2 mM to above 2 M 
(Table 4.6 and Fig. 4.5).  
 
Table 4.6.  Numerical values of minimal inhibitory and fungicidal concentrations (MIC and 
MFC, respectively) of the alkyl-(2-hydroxyethyl)-dimethylammonium bromides 
([N1 1 n 2OH]Br, where n = 2, 4, 6, 8, 10 or 12), defined for Aspergillus nidulans.  Values are 
represented in mM. 
 
Ionic liquid MIC MFC 
[N1 1 2 2OH]Br > 2000 > 2000 
[N1 1 4 2OH]Br 890 > 2000 
[N1 1 6 2OH]Br 105 105 
[N1 1 8 2OH]Br 16.5 16.5 
[N1 1 10 2OH]Br 2 2 
[N1 1 12 2OH]Br 0.2 0.2 
 
 
For [N1 1 n 2OH]Br, when n ≥ 6, the MFC values were identical to their MIC 
values, but could not be determined for  [N1 1 2 2OH]Br or [N1 1 4 2OH]Br, exceeding 
2 M, the highest concentration tested.  As observed for cholinium alkanoates, these 
cholinium-based bromides were less toxic than [Cnmim]Cl (where n = 2, 4, 6, 8 or 
10).  Comparatively, [N1 1 2 2OH]Br, [N1 1 4 2OH]Br and [N1 1 6 2OH]Br appeared to be 
also less toxic than cholinium ethanoate, cholinium butanoate and cholinium 
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hexanoate, respectively (Table 4..3, Fig. 4.1).  Despit  some differences, MIC and 
MFC values seemed to be similar between [N1 1 8 2OH]Br and cholinium octanoate, 
and between [N1 1 10 2OH]Br and cholinium decanoate.  As observed for [Cnmim]Cl 
(where n = 2, 4, 6, 8 or 10), the toxic effect of [N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 
or 12) was defined by the cation structure, increasing with the elongation of the alkyl 
chain substituent (Table 4.6 and Fig. 4.5).  Again, this is coherent with the linear 
increase in the logD values predicted for the [N1 1 n 2OH]
+ cations, ranging from -3.85 
to 0.75., suggestive of increased lipophilicity with the linear increase of the alkyl 
substituent chain. 
 
 
Fig. 4.5. Minimal inhibitory and fungicidal concentrations (MIC and MFC, respectively) of 
[N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 or 12) defined for Aspergillus nidulans.  MIC and 
MFC values are plotted on a logarithmic scale. Open tria gles represent not the MFC, but the 
highest value tested for that ionic liquid. 
 
 
The biodegradability of this series of choline derivatives was also 
determined (Table 4.7).  After incubation of A. nidulans with sub-inhibitory 
concentrations of [N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 or 12), degradation of some 
of these compounds by A. nidulans could be detected after seven days (10% for 
[N1 1 2 2OH]Br, 16% for [N1 1 4 2OH]Br and 17% for [N1 1 6 2OH]Br). 
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Table 4.7.  Biodegradation assessment of [N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 or 12) 
cations, after incubation with Aspergillus nidulans for one, two, five and seven days.  
Ionic liquid 
ion 
Initial 
concentration 
Amount in culture (%) 
1 day 2 days 5 days 7 days 
[N1 1 2 2OH]
+ 100 mM 99.6 ± 0.2 99.2 ± 0.04 97.7 ± 0.1 90.2 ± 0.3 
[N1 1 4 2OH]
 + 100 mM 100.1 ± 0.1 99.9 ± 0.2 99.2 ± 0.1 83.9 ± 0.4 
[N1 1 6 2OH]
 + 52.5 mM 99.6 ± 0.8 99.7 ± 0.04 95.1 ± 0.8 83.1 ± 0.5 
[N1 1 8 2OH]
 + 8.25 mM n.d. n.d. n.d. n.d. 
[N1 1 10 2OH]
 + 1 mM n.d. n.d. n.d. n.d. 
[N1 1 12 2OH]
 + 0.1 mM n.d. n.d. n.d. n.d. 
n.d. = not detected (cations could not be distinguished by the defined HPLC method. 
 
 
To further determine if [N1 1 n 2OH] are able to permeabilise the plasma 
membrane of A. nidulans, fluorescence microscopy and gene expression analysis of 
plasma membrane biosynthetic genes were also assessed for these group of ionic 
liquids.  For testing concentrations below MFC values, percentage of membrane-
damaged conidia were similar to the control (Table 4.8, Figure 4.6).  When testing 
concentrations above the MFC value, [N1 1 n 2OH] with long alkyl substituents (n = 8, 
10 or 12) led to great percentages of membrane-damaged conidia, reaching more 
than 90% for 100 mM of [N1 1 8 2OH]Br, [N1 1 10 2OH]Br and [N1 1 12 2OH]Br. 
 
Table 4.8.  Percentage of membrane-damaged conidia after one h ur of incubation with 
[N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 or 12), obtained as (number of prpidium iodide-
stained conidia / total number of conidia) × 100.  Percentage in the saline solution control 
was 5.87%.  Emboldened values were obtained with concentrations above the MFC. 
Ionic liquid 
Concentration / mM 
0.01 0.1 1 10 100 1000 
[N1 1 22OH]Br n.d. n.d. n.d. n.d. n.d. 12.8 ± 1.0 
[N1 1 4 2OH]Br n.d. 5.9 ± 1.0 5.9 ± 0.7 7.5 ± 0.5 11.3 ± 1.4 11.6 ± 2.0 
[N1 1 6 2OH] Br 6.0 ± 2.0 5.9 ± 0.3 4.6 ± 0.5 11.0 ± 0.8 25.8 ± 0.5 n.d. 
[N1 1 8 2OH]
 Br 5.0 ± 0.8 7.6 ± 1.7 7.8 ± 0.8 20.7 ± 2.4 91.3 ± 2.6 n.d. 
[N1 1 10 2OH] Br 5.8 ±  1.7 6.5 ± 2.0 33.2 ± 0.6 82.0 ± 3.0 93.8 ± 1.7 n.d. 
[N1 1 12 2OH]
 Br 8.8 ± 1.5 25.8± 0.5 86.8 ± 5.1 94.8 ± 2.1 95.2 ± 0.7 n.d. 
n.d. = not determined. 
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Fig. 4.6. Percentage of membrane-damaged conidia after one hour of incubation with 
[N1 1 n 2OH]Br (where n = 2, 4, 6, 8, 10 or 12), obtained as (number of prpidium iodide-
stained conidia / total number of conidia) × 100. 
 
 
Analysis of gene expression after exposure of A. nidulans to [N1 1 n 2OH]Br 
(where n = 2, 4, 6, 8, 10 or 12) revealed that neither ba A, lagA nor HMGR1 were 
significantly up-regulated after one, two or four hours of incubation (Fig. 4.7).  
However, when looking at the expression of fasA and fasB, the genes coding for the 
fatty acid synthase complex, a clear up-regulation, dependent on the alkyl 
substituent length, was observed.  After two hours of exposure, [N1 1 6 2OH]Br and 
[N1 1 8 2OH]Br led, respectively, to an increase of 2.1- and 2.2-fold for fasA and 2.2- 
and 2.6-fold for fasB.  After four hours of exposure, [N1 1 10 2OH]Br led to a maximum 
increase of 2.5- and 3.1-fold for fasA and fasB, respectively, while [N1 1 12 2OH]Br 
reached a maximum of 2.6- and 3.4-fold for these genes (Fig. 4.7).  Data clearly 
suggests that the positive charge of cholinium-based cations allows their interaction 
with the surface of the lipid bilayer of biological membranes, and elongating one of 
the alkyl chains in the cation promotes membrane permeabilisation by this family of 
ionic liquids. 
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Fig. 4.7. Relative expression of genes involved in plasma membrane biosynthesis (lagA, 
barA, HMGR1, fasA and fasB) by qRT-PCR.  Aspergillus nidulans was exposed to 
[N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for one (white), two (grey) or fur hours (black).  The 
y axes represent the fold-change of gene expression relative to the culture at time zero 
(before exposure).  γ-actin gene was used as internal controls.  The asterisk marks significant 
difference (p-value < 0.05) in expression of each treatment when compared to the control for 
the same period of incubation. 
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4.5. Conclusions 
 
Both 1-alkyl-3-methylimidazolium chlorides ([Cnmim]Cl, where n = 2, 4, 6, 8 or 10) 
and cholinium alkanoates (anion = ethanoate, butanoa e, hexanoate, octanoate or 
decanoate) present the same trend of toxicity against the filamentous fungi 
A. nidulans: their toxic effects increase with the elongation of the alkyl chain either 
in the cation or the anion, respectively.  However, while [Cnmim]Cl (where n = 2, 4, 
6, 8 or 10) appear to be more toxic and recalcitrant to degradation, cholinium 
alkanoates present lower toxicity and are readily biodegradable.  Moreover, 
[Cnmim]Cl with long alkyl substituents (n ≥ 2, 4, 6, 8 or 10) are able to permeabilise 
the fungal plasma membrane and leading to cell death, while cholinium alkanoates 
cannot cause such effect.  Since more fluid plasma membranes are susceptible to 
membrane-permeabilising agents, A. nidulans likely alters the membrane fluidity by 
increasing the composition of saturated fatty acids in response to the 
permeabilisation provoked by ionic liquids.  Increas  in the expression of fasA and 
fasB, genes coding for the fatty acid synthase in A. nidulans, after exposure to 
[Cnmim]Cl (where n =  6, 8 or 10), but not to cholinium alkanoates  
(anion = hexanoate, octanoate or decanoate), further supports that membrane 
permeabilisation is a mechanism of toxicity of this family of imidazolium-based 
ionic liquids. 
Plasma membrane permeabilisation by ionic liquids is most likely a two-step 
process.  Initially, ionic liquids cations approach the membrane surface, favoured by 
the electrostatic interactions with the negatively charged head groups of the 
membrane phospholipids, as supported by molecular dynamics simulation.  
Secondly, after a threshold is achieved, which explains why permeabilisation is 
concentration-dependent, interaction of these cations with the plasma membrane and 
its permeabilisation, occur.  Long alkyl chains of [Cnmim]Cl (where n =  6, 8 or 10) 
are probably able to interact with the hydrophobic regions of the lipid bilayer, 
enabling alterations in membrane integrity.  The anions of cholinium alkanoates 
remain in the aqueous phase, being repelled not only by the negatively charged 
membrane phospholipids, and most likely also by the overall negative charge of the 
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fungal cell wall mannoproteins. The cholinium cation, on the other hand, can 
interact with the surface of the plasma membrane, but its bulky nature does not 
allow membrane permeabilisation.  Elongating one of the alkyl chains of the cation, 
however, enables cholinium-based ionic liquids to permeabilise the fungal plasma 
membrane.  Synthesis and analysis of the toxicity of a series of alkyl-(2-
hydroxyethyl)-dimethylammonium bromides ([N1 1 n 2OH]Br, where n = 2, 4, 6, 8, 10 
or 12) reveals that this family of ionic liquids presents membrane-permeabilising 
effects similar to [Cnmim]Cl with long alkyl substituents (n ≥ 6), but seem to 
maintain the lower toxicity and biodegradability aspects typical of cholinium-based 
ionic liquids. 
The data herein presented highlight the diversity of effects of ionic liquids 
and reinforce the need for in-depth analyses of their m chanisms of toxicity and the 
understanding of the biology of their target organisms.  It stresses the lower toxicity 
and biodegradability of cholinium-based ionic liquids, reinforcing their use in 
biological applications. However, their mechanisms of toxicity remain unclear and 
require further investigations.  Finally, this study provides insights for the conscious 
design of new biocompatible ionic liquids, demonstrating e.g. that linear elongation 
of alkyl substituents should be preferentially introduced in the anions, in order to 
avoid permeabilisation of biological membranes.  Additional molecular dynamics 
simulation studies are currently being undertaken to further consolidate the central 
hypothesis of this study.  
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5.1. Abstract 
 
Damage to the fungal cell wall induces a stress respon e known as cell wall integrity 
pathway, better understood in the model yeast Saccharomyces cerevisiae.  Cross-
talk mechanisms of this signalling cascade with other pathways, such as the 
sphingolipid biosynthesis one, have also been proposed.  However, knowledge of 
these cellular processes in filamentous fungi, such as Aspergillus nidulans, is rather 
limited.  In the present study, we investigate if three distinct families of ionic 
liquids, 1-alkyl-3-methylimidazolium chlorides, cholinium alkanoates and alkyl-(2-
hydroxyethyl)-dimethylammonium bromides, are able to cause cell wall damage in 
A. nidulans.  Their effects on the sphingolipid biosynthetic pathway were also 
analysed.  Data reveal that each ionic liquid family is able to induce distinctive 
effects on the fungal cell wall and sphingolipid biosynthetic pathway, leading to the 
accumulation of its intermediates.  The ability of i nic liquids to induce unique 
cellular responses further highlights their potential use as tools to elucidate 
uncharacterised biological processes in filamentous fungi. 
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5.2. Introduction 
 
Ionic liquids constitute a unique class of chemicals, nd their tuneable nature can 
provide distinct stimuli to elucidate uncharacterisd biological processes in 
filamentous fungi.  Ionic liquids are generally defin d as salts that are liquid below 
100 °C [1], with millions of possible formulations, being several hundred already 
well known and characterised [1, 2].  Their potential, which comes from their 
structural diversity and tuneable physical and chemical properties, has already been 
extensively explored, and numerous applications have been proposed [3].  Many 
ionic liquids have been regarded as green solvents due to their excellent solvation 
capacity, negligible vapour pressure, and bulk non-flammability [4].  However, 
being a largely heterogeneous group of chemicals, many are not intrinsically green.  
Their environmental impact and biodegradability have already been subject of 
numerous studies, mainly aiming at better understanding their toxic effects and 
creating knowledge for the conscious design of novel biocompatible compounds [5, 
6].  Understanding the mechanisms of toxicity of ionic liquids at a molecular level is 
required for the conscious design of novel, biocompatible ionic liquids and for the 
development of new biological applications. 
Combining gene and protein expression with organic and analytical 
chemistry, previous studies have elucidated how the c mical structure of ionic 
liquids can affect the stress response of filamentous fungi [7-9].  At sub-inhibitory 
concentrations, the unique stimuli of ionic liquids alter the fungal metabolic 
footprint, activate the biosynthesis of osmolytes and uncommon secondary 
metabolites and increase the expression of genes encoding for multidrug transporters 
and cell wall repair, inspiring their use in fungal biology.  In a previous report, the 
effects of imidazolium- and cholinium-based ionic liquids on the plasma membrane 
of A. nidulans were assessed [10].  Data reveal that 1-alkyl-3-methylimidazolium 
chlorides ([Cnmim]Cl) with long alkyl substituents (n ≥ 6) are able to permeabilise 
the plasma membrane of the fungus, while the biocompatible cholinium alkanoates, 
although becoming increasingly more toxic with the elongation of the anions alkyl 
chain, do not cause plasma membrane permeabilisation. 
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Besides being able to permeabilise the fungal plasma membrane, some ionic 
liquids have been reported to also cause damage to th  cell wall of filamentous fungi 
[8].  The fungal cell wall accounts for a great percentage of the cell dry weight (up 
to 30%), and is responsible for allowing cell morphogenesis and maintaining its 
shape, counteracting the turgor pressure and protecting the plasma membrane 
against damage [11, 12].  The cell wall presents an inner layer composed mainly of 
polysaccharides, predominantly chitin and 1,3-β-glucans (Fig. 5.1).  The filamentous 
fungus Aspergillus nidulans also contains amorphous 1,3-α-glucan embedded within 
1,3-β-glucan and chitin fibrils, absent in the yeast cell wall [11, 13].  The long, 
poorly branched 1,3-β glucans form an elastic network that is continuously stretched 
under normal osmotic conditions.  The network of 1,3-β-glucans, linked to chitin 
and 1,6-β-glucans, serve as a support for an outer layer of mannoproteins [11] (Fig. 
5.1).  The presence of the mannoproteins in the cell wall confers to this structure and 
overall negative charge that also might have an implication on ionic liquids effects 
on the fungal cell [10].   
 
 
 
Fig.5.1. Schematic representation of the cell wall of filamentous fungi, showing its main 
components: chitin, 1,3-β-glucans, 1,6-β-glucans and 1,3-α glucans.  Adapted from 
[14]. 
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Damage to the cell wall activates a stress response k own as cell wall 
integrity pathway, a salvage mechanism that fungi possess to overcome the damage 
to this cellular structure [15].  Cross-talk mechanisms between this pathway and 
other signalling pathways have already been described, including its activation by 
intermediates in sphingolipids biosynthesis.  These are a diverse class of compounds 
that function not only as structural components but also as signalling elements in 
numerous cellular functions in eukaryotes [16].  Although better known in yeast, the 
signalling roles of sphingolipids and the complexity of the CWI pathway remain 
largely overlooked in filamentous fungi [17, 18]. 
In the present study, we initially aimed at determining if [Cnmim]Cl (where 
n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, octanoate or decanoate) or 
alkyl-(2-hydroxyethyl)-dimethylammonium bromides ([N1 1 n 2OH]Br, where n = 6 ,8 
10 or 12) are able to cause damage to the cell wall of A. nidulans.  Gene expression 
analysis by quantitative real-time PCR of selected g nes involved in cell wall 
biosynthesis was selected as the main methodology.  Several genes involved in the 
biosynthesis of sphingolipids in were also selected to further evaluate the effects of 
ionic liquids in A. nidulans, and liquid chromatography was employed to analyse the 
presence of some of the intermediates of this metabolic pathway.  Data reveals that 
some ionic liquids are able to induce cell wall damage and alter sphingolipid 
biosynthesis, leading to the accumulation of intermediates of their biosynthetic 
pathway. 
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5.3. Experimental 
 
5.3.1. Chemicals 
All compounds used in the preparation of minimal media, with the exception of 
NaCl (Panreac, 99.5%) were purchased from Sigma Aldrich: D(+)-glucose, 
K2HPO4, ZnSO4·7H2O, CuSO4·5H2O, FeSO4·7H2O, MgSO4·7H2O, NaNO3, and KCl.  
Poly(vinylpolypirrolidone), Calcofluor White M2R (CFW) and glycerol (≥ 99.5%), 
were also purchased from Sigma Aldrich.   
 
5.3.2. Ionic liquids 
All 1-alkyl-3-methylimidazolium chlorides ([Cnmim]Cl, where n = 6, 8 or 10) used 
in this study were purchased from Iolitec, Ionic Liquids Technologies. The 
cholinium alkanoates (anion =  hexanoate, octanoate r decanoate) were synthesised 
and characterized as previously described [19].  The series of alkyl-(2-
hydroxyethyl)-dimethylammonium bromides ([N1 1 n 2OH], where n = 6 ,8 10 or 12) 
were synthesised as described before [10].  
 
5.3.3. Fungal strain 
Aspergillus nidulans strain FGSC A4 was cultivated on dichloran-glycerol (DG18) 
agar (Oxoid) for five to six days at 27 °C.  Conidia were harvested with a solution of 
0.85 wt.% NaCl and filtered through glass wool.  Conidia were used immediately or 
stored at -80 °C in a cryoprotective solution (0.85% w/v NaCl, 10% v/v glycerol). 
 
5.3.4. Experimental conditions 
For the gene expression analysis, a suspension of 106 freshly-harvested 
conidia per cm3 of medium was incubated in 25 cm3 of minimal medium for 
24 hours at 27 °C, without agitation.  For lipid extraction, a suspension of 106 
conidia per cm3 of medium was incubated in 100 cm3 of minimal medium for 
24 hours at 27 °C, 90 rpm.   The minimal culture medium containing glucose 
(10.0 g l-1) and K2HPO4 (1.0 g l
-1) dissolved in distilled water, was sterilised in a 
autoclave (10 min; 115 °C), and supplemented with the mixture of essential salts, 
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previously sterilised by filtration: NaNO3 (3.0 g l
-1), ZnSO4·7H2O, (0.01 g l
-1), 
CuSO4·5H2 O(0.005 g l
-1), MgSO4·7H2O (0.5 g l
-1), FeSO4·7H2O (0.01 g l
-1) and KCl 
(0.5 g l-1).  After 24 hours of growth, ionic liquids ([Cnmim]Cl, where n = 6, 8 or 10; 
choline hexanoate; choline octoanoate; choline decanoate and; [N1 1 n 2OH]Br, where 
n = 6, 8, 10 or 12) and CFW (cell wall damage control) were added to the culture 
media to obtain a final concentration corresponding to 80% of the minimal 
inhibitory concentration (MIC) of each compound and i cubated for one, two or four 
hours, for gene expression analysis, and 24 hours for lipid extraction.  A control 
without ionic liquids was also included.  MICs towards A. nidulans and the 
concentrations used in this study for all tested comp unds were reported before and 
are shown in Table 5.1 [8, 10]. 
 
Table 5.1.  Minimal inhibitory concentrations (MICs) and sub-inhibitory concentrations used 
in the gene expression experiments for [Cnmim]Cl (where n = 6, 8 or 10), cholinium 
alkanoates (anion = hexanoate, octanoate or decanoate), [N1 1 n 2OH]Br (where n = 6, 8, 10 or 
12)  and CFW, defined for Aspergillus nidulans [8, 10]. 
 
Ionic liquid MIC / mM 80% of MIC / mM 
[C6mim]Cl 7 5.6 
[C8mim]Cl 0.9 0.72 
[C10mim]Cl 0.2 0.16 
cholinium hexanoate 56 44.8 
cholinium octanoate 19.8 15.8 
cholinium decanoate 4.3 3.44 
[N1 1 6 2OH]Br 105 84.0 
[N1 1 8 2OH]Br 16.5 13.2 
[N1 1 10 2OH]Br 2 0.16 
[N1 1 12 2OH]Br 0.2 0.16 
CFW 0.2 0.16 
 
 
5.3.5. Oligonucleotides design 
Based on the sequences of A. nidulans genes (Aspergillus Genome Database, 
http://www.aspergillusgenome.org/), oligonucleotide pairs (Table 5.2) [8] were 
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designed using the GeneFisher2 web tool (http://bibiserv.techfak.uni-
bielefeld.de/genefisher2), with the exception of thse for chsB, fksA and agsB, which 
were previously designed by Fujioka et al. [17]. All oligonucleotides were produced 
by Thermo Fisher Scientific. 
 
Table 5.2.  List of the designed qRT-PCR oligonucleotides (forward and reverse) used in 
this study.  The selected genes are involved in cell wall and sphingolipid biosynthesis in 
Aspergillus nidulans. The γ-actin gene (actA) was selected as internal control. 
*Hartmann et al. = [8]; Fujioka et al. = [17]. 
Name Gene (Code) Sequence (5′ to 3′) Source* 
Cell wall  biosynthetic genes 
gfaA2f gfaA (AN10709) CCGTTTCGAGACTGAGACAGA Hartmann et al. 
gfaA2r gfaA (AN10709) GATCAGGAGGCCGAAAGCA Hartmann et al. 
chsBf chsB (AN2523) CTTGAACGTTTACGCCTTCAGC Fujioka et al. 
chsBr chsB (AN2523) TCGTCCAGACTCTTCTCTTCC Fujioka et al. 
fksAf fksA (AN3729) CTCAGCAGACTTCGTCATTGG Fujioka et al. 
fksAr fksA (AN3729) CAGAATAGCGAAACGGACCAC Fujioka et al. 
agsBf agsB (AN3307) ATCGGACACTACCTTCCCTG Fujioka et al. 
agsBr agsB (AN3307) GACTTGGCTGACGATCAACG Fujioka et al. 
gfaA2f gfaA (AN10709) CCGTTTCGAGACTGAGACAGA Hartmann et al. 
gfaA2r gfaA (AN10709) GATCAGGAGGCCGAAAGCA Hartmann et al. 
Sphingolipid biosynthetic genes 
lcbAf lcbA (AN3728) TAGTCCGGTGGTACGAGCA This study 
lcbAr lcbA (AN3728) AGTCACTCATGTCACCATACGA This study 
AN1165F AN1165 GACATCCGTCCAGACACTCA This study 
AN1165R AN1165 AGTAAAGATGAGGTGTCGTCGA This study 
AN0640F basA (AN0640) CCTCTACGTTCCATACGCCTA This study 
AN0640R basA (AN0640) TAGTGGAGAAGGTGAAGAACCA This study 
barAf barA (AN4332) GTGGTGCTCAACCTGATGGA Hartmann et al. 
barAr barA (AN4332) TGGGTACATGATATGGCGTGA Hartmann et al. 
lagAf lagA (AN2464) TCCCCACAGAGAGCACGAA Hartmann et al. 
lagAr lagA (AN2464) GATGATGTGGTGGCCCACA Hartmann et al. 
aurAf aurA (AN4991) TTGGGACTACGACTATGTGGAA This study 
aurAr aurA (AN4991) ACTCAAGGAGCCTGAGGAGA This study 
Housekeeping genes 
ACTF actA (AN6542) CTGGGACGACATGGAGAAGAT Hartmann et al. 
ACTR actA (AN6542) GTAGATGGGGACGACGTGAG Hartmann et al. 
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5.3.6. Total RNA extraction and cDNA synthesis 
Mycelia from control or exposed to ionic liquids orCFW were recovered by 
filtration (0.45 µm membrane filters, Millipore) and immediately frozen in liquid 
nitrogen.  Approximately 100 mg of frozen mycelia was grounded with 
poly(vinylpolypirrolidone) (0.4 mg per mg of mycelia) with a mortar and pestle.  
The final powder was used in the extraction and purification of total RNA using the 
RNeasy Plant Mini Kit (QIAGEN), according to the manufacturer’s protocol.  
Genomic DNA digestion was done with the RNase-Free DNase Set (QIAGEN).  
Quality, integrity and quantity of the total RNA were analysed in a NanoDrop 1000 
Spectrophotometer (Thermo Scientific) and by running 2 µg of RNA into 1% 
agarose gels in TBE buffer 1×.  The complementary DNA (cDNA) was synthesised 
from 100 ng of the total RNA using an iScript cDNA Synthesis Kit (Bio-Rad) in an 
Applied Biosystems 2720 Thermal Cycler.  The reaction protocol consisted of 5 min 
at 25 °C, 30 min at 42 °C and 5 min at 85 °C. 
 
5.3.7. Quantitative real-time PCR analysis 
The qRT-PCR analysis was performed in a CFX96 Thermal Cycler (Bio-Rad), using 
the SsoFast EvaGreen Supermix (Bio-Rad), 250 nM of each oligonucleotide and the 
cDNA template equivalent to 1 ng of total RNA, at a final volume of 5 µl per well, 
in three technical replicates.  The PCR conditions were: enzyme activation at 95 °C 
for 30 s; 40 cycles of denaturation at 95 °C for 10 s and annealing/extension at 59 °C 
for 30 s; and melting curve obtained from 65 °C to 95 °C, consisting of 0.5 °C 
increments for 5 s.  Data analyses were performed using the CFX Manager software 
(Bio-Rad).  The expression of each gene was taken as the relative expression 
compared to the time zero (before incubation with the ested compounds).  The 
expression of all target genes was normalised by the expression of γ-actin (internal 
control). 
 
5.3.8. Statistical analysis 
Three biological replicates were performed.  Statistical analysis of the qRT-PCR 
data was performed in the GraphPad Prism v6.0 software.  Treatments with ionic 
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liquids or CFW were compared with the control for every respective hour of 
exposure by multiple Student’s t-test.  Differences with a p-value below 0.05 were 
considered statistically significant. 
 
5.3.9. Extraction of sphingoid bases 
For total lipid extraction, mycelia from control or exposed to ionic liquids were 
recovered by filtration (0.45 µm membrane filters, Millipore) and immediately 
frozen in liquid nitrogen.  Mycelia were freeze-dried and approximately 50 mg of 
dried mycelia was grounded in a Tissue Lyser LT (Quiagen).  Lipids were extracted 
from grounded mycelia in 10 ml glass tubes with with 5 ml of 95% 
ethanol/water/diethylether/pyridine/4.2M NH40H (15:15:5:1:0.018, by vol) for 
15 min at 60 °C.  The extract was removed after centrifugation (3000 rpm for 5min 
in a swing-bucket rotor) and the pellet extracted twice more in the same manner.  
The lipid extracts were filtered with syringe-driven filters (pore size 0.2 µm, 
Nalgene) to remove cell debris and lipid extracts were dried under a gentle nitrogen 
flow.  They were then resuspended in 5 ml methanol/water/butanol/33% 
methylamine in ethanol (4:3:1:5, by vol) for methanolysis and incubated at 52 °C for 
30 min to permit deacylation of lipids.  The extracs were dried under nitrogen flow 
and resuspended in 0.1 M KOH in methanol/chloroform (2:1, by vol) and incubated 
at 37  C for 60 min to break down cellular acylglycerolipids and phospholipids.  
After drying under nitrogen flow, the extracts were r suspended in 1.5 ml of 
methanol/chloroform (2:1, by vol).  To separate sphingoid bases to organic layer, 
1 ml each of chloroform and alkaline solution (NH4OH in water, pH 9.0) were 
added.  The mixture was centrifuged (3000 rpm for 5 min) and the aqueous phase 
was discarded.  The organic phase was washed three im s with the alkaline 
solution, then dried under nitrogen flow and resuspended in methanol for further 
analysis of sphingoid bases by liquid chromatrography. 
 
5.3.10. High performance liquid chromatography 
A pre-column derivatisation with o-phthalaldehyde was necessary for the analysis of 
sphingoid bases by high performance liquid chromatogr phy (HPLC).  The 
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derivatisation reagent was prepared by dissolving 5 mg o-phthalaldehyde in 100 µL 
of methanol and 5 µL of β-mercaptoethanol, by mixing and sonication.  After 
completely dissolved, 9.9 mL of 3% borate buffer (pH 10.5) were added and the 
solution was stored at 4°C in the dark and used within a few days.  Before each 
HPLC analysis, the sphingoid bases were derivatised by adding 25 µL of the o-
phthalaldehyde solution to 200 µL of lipid samples in methanol, and incubating for 
30 min at room-temperature.  The derivatised sphingoid bases were 
chromatographically separated using an Acquity UPLC System (Waters) with a 
fluorescence detector (acquisition with an energy gain of 1000), cooling auto-
sampler, and column oven.  A Symmetry® C18 reverse phase column 
(250 × 4.6 mm), packed with end-capped particles (5 µm, pore size 100 Å) was used 
at 40 °C.  All solvents were of the highest analytical grade, and water obtained from 
a Milli-Q system (Millipore).  Data were acquired using Empower 2 software, 2006 
(Waters Corporation).  Sample injections of 20 µl were made using a 50 µl loop 
operated in partial loop with needle overfill mode.  The mobile phase, at a flow rate 
of 1 ml min-1, consisted of 90% methanol, and each sample was run for 20 min.  
Phytosphingosine (t18:0) and dihydrosphingosine (d18:0) standards (Avanti Polar 
Lipids) eluted at 7.6 and 13.85 min, respectively. 
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5.4. Results and Discussion 
 
In the present study, we initially aimed at determining if [Cnmim]Cl (where n = 6, 8 
or 10), cholinium alkanoates (anion = hexanoate, octanoate or decanoate) or 
[N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) are able to cause damage to the cell wall of 
A. nidulans.  In a previous study, the toxicity of a series of alkyltributylphosphonium 
chlorides, able to permeabilise the plasma membrane and cause damage to the cell 
wall of A. nidulans was analysed by qRT-PCR [8].  Four genes, gfaA, chsB, fksA and 
agsB, involved in the synthesis of chitin and glucans (cell wall components), were 
selected to evaluate cell wall damage. 
Upon damage to the cell wall, fungi activate several genes involved in the 
biosynthesis of this cellular structure, creating the conditions necessary to overcome 
such stress.  When analysing the expression of gfaA and chsB in A. nidulans after 
exposure to [Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates 
(anion = hexanoate, octanoate or decanoate) or [N1 1 n 2OH]Br (where n = 6 ,8 10 or 
12) for one, two or four hours, we were not able to conclude if the tested ionic 
liquids were able to induce a cell wall damage respon e.  A typical response to cell 
wall damage is the increase in the expression of genes involved in chitin synthesis 
[15].  The first and rate-limiting step in the synthesis of chitin is catalysed by 
glutamine-fructose-6-phosphate transaminase [20].  The expression levels of its 
encoding gene, gfaA, have been previously shown to increase upon exposure to cell 
wall damaging agents, such as CFW, caspofungin and SDS, in A. niger [20], and 
micafungin in A. nidulans [17].  In fact, in the present study, the levels of gfaA in 
A. nidulans increased 2.5-fold after four hours of exposure to CFW, but most of the 
tested ionic liquids did not induce a significant icrease in its expression.  The only 
exceptions were [N1 1 10 2OH]Br and [N1 1 12 2OH]Br, that reached 1.8- and 2.8-fold 
increase after one hour, respectively (Fig. 5.2).  The same occurred for chsB, which 
encodes one of the chitin synthases in this fungus.  Aspergillus nidulans possesses 
eight genes coding for chitin synthases [13], which are differently regulated during 
development [21-23].  ChsB is present throughout the vegetative growth of this 
filamentous fungus and its gene was observed to increase upon treatment with 
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micafungin [17].  Exposure to neither [Cnmim]Cl (where n =,  6, 8 or 10), cholinium 
alkanoates (anion = hexanoate, octanoate or decanoate) nor [N1 1 n 2OH]Br (where 
n = 6 ,8 10 or 12) , however, led to increased expression of chsB. 
 
 
 
Fig.5.2. Relative expression of two genes involved in chitin b osynthesis, gfaA and chsB, 
analysed by qRT-PCR.  Aspergillus nidulans was exposed to 80% of the MIC of [Cnmim]Cl 
(where n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, octanoate or decanoate) or 
[N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for one (white), two (grey) or fur hours (black).  The 
y axes represent the fold-change of gene expression relative to the culture at time zero 
(before exposure).  γ-actin gene was used as internal control.  The asterisk marks significant 
difference (p-value < 0.05) in expression of each treatment when compared to the control for 
the same period of incubation. 
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Despite gfaA and chsB were not up-regulated upon treatment with the tested 
ionic liquids, two other genes involved in the synthesis of cell wall glucans (fksA 
and agsB) were selected to further evaluate their toxic effects.  In fact, in a previous 
study, these two genes were proven to provide a more c nsistent response upon 
treatment with the cell wall damaging ionic liquids alkyltributylphosphonium 
chlorides [8].  Glucans are the more abundant polysaccharides in the cell wall [12].  
fksA is the only gene involved in 1,3-β-glucan synthesis in A. nidulans, while agsB, 
along with agsA, is involved in the synthesis of 1,3-α-glucans [13, 24].  Both fksA 
and agsB were reported to increase their expression upon exposure to cell wall 
damaging agents, such as micafungin [17].  In the pr sent study, exposing 
A. nidulans to [Cnmim]Cl (where n = 6, 8 or 10) increased the expression of both 
fksA and agsB (Fig. 5.3).  After one hour, [C6mim]Cl led to a 1.6-fold increase in the 
expression of ksA, while [C8mim]Cl up-regulated the expression of fksA and agsB 
2.1- and 1.9-fold, respectively.  [C10mim]Cl increased the expression of fksA 1.6-
fold after one hour of incubation, reaching a maximum of 1.8-fold after two hours.  
Exposure to [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) also increased the expression of 
fksA (Fig. 5.3).  A 1.6-, 1.5- and 1.7-fold increase was ob erved after four hours of 
incubation with [N1 1 6 2OH]Br, [N1 1 10 2OH]Br and [N1 1 12 2OH]Br, respectively.  
However, only [N1 1 6 2OH]Br was able to induce a significant up-regulation of agsB, 
with a maximum of 1.8-fold increase after two hours of exposure (Fig. 5.3).  Despite 
its limitations, the data suggest that [Cnmim]Cl (where n = 6, 8 or 10) and 
[N1 1 n 2OH]Br (where n = 6 ,8 10 or 12), besides being able to permeabilise the 
plasma membrane of A. nidulans [10], most likely also induce cell wall damage in 
this fungus.  Cholinium alkanoates (anion = hexanoate, octanoate or decanoate), 
however, did not cause a significant increase in  the expression of the genes coding 
for the biosynthesis of cell wall glucans (Fig. 5.3), indicating that these ionic liquids, 
are not only unable to permeabilise the plasma membrane [10], but also do not cause 
cell wall damage.  Their mechanisms of toxicity remain unclear and require further 
investigations. 
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Fig.5.3. Relative expression of the genes involved in 1,3-β-glucan and 1,3-α-glucan 
biosynthesis, fksA and agsB, respectively, analysed by qRT-PCR.  Aspergillus nidulans was 
exposed to 80% of the MIC of [Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates 
(anion = hexanoate, octanoate or decanoate) or [N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for 
one (white), two (grey) or four hours (black).  The y axes represent the fold-change of gene 
expression relative to the culture at time zero (before exposure).  γ-actin gene was used as 
internal control.  The asterisk marks significant difference (p-value < 0.05) in expression of 
each treatment when compared to the control for the same period of incubation. 
 
 
A previous study indicated that alkyltributylphosphonium chlorides, ionic 
liquids able to permeabilise the plasma membrane and c use damage to the cell wall 
of A. nidulans, did not show an increase in the expression of two genes (barA and 
lagA) coding for sphingolipids biosynthesis [8].  Further studies revealed, however, 
that basA, the gene involved in the previous step in the pathw y, was greatly up-
regulated upon exposure to these ionic liquids (unpublished data), suggesting that 
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these group of lipids could be somehow involved in the effects provoked by ionic 
liquids.  These observations led us to further investigate the effects of [Cnmim]Cl 
(where n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, octanoate or 
decanoate) and [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) on the expression of the genes 
involved in sphingolipid biosynthesis in A. nidulans. 
Sphingolipid biosynthesis usually starts with condensation of a serine and 
palmitoyl-CoA, a reaction that is catalysed by the s rine palmitoyltransferase, 
yielding 3-ketodihydrosphingosine [25, 26].  In A. nidulans, a single gene, lcbA, is 
responsible for this step.  Interestingly, exposure to [Cnmim]Cl (where n = 6, 8 or 
10) led to a significant increase in its expression (Fig. 5.4), reaching maximum 
values after four hours of incubation: 2.4-, 2.7- and 2.6-fold increase for [C6mim]Cl, 
[C8mim]Cl and [C10mim]Cl, respectively.  Despite presenting lower values, 
cholinium alkanoates also led to a significant increase in the expression of lcbA (Fig. 
5.4).  After four hours of exposure to cholinium hexanoate and cholinium octanoate, 
a 1.8- and 1.3-fold increase was observed, respectively, and cholinium decanoate 
induced a significant 1.3-fold increase in the exprssion of this gene after two hours 
of incubation.  [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) also promoted the up-
regulation of this gene (Fig. 5.4).  [N1 1 6 2OH]Br, [N1 1 8 2OH]Br and [N1 1 10 2OH]Br 
induced a 1.7-, 2.3- and 2.5-fold increase in the expression of lcbA after four hours.  
The cell wall damaging agent CFW also provoked a 1.7-fold increase in the 
expression of lcbA after four hours of exposure.  Despite differences amongst the 
tested ionic liquids, it is clear that they all led to the activation of the sphingolipid 
biosynthetic pathway in A. nidulans. 
The following step in the pathway is catalysed in the yeast S. cerevisiae by 
Tsc10, an enzyme responsible for the conversion of 3-ketodihydrosphingosine into 
the sphingoid base dihydrosphingosine [27].  This enzyme has not yet been 
characterised in A. nidulans, but homology suggests that a similar enzyme is 
encoded by the AN1165 gene.  Its expression upon exposure to [Cnmim]Cl (where 
n = 6, 8 or 10) or cholinium alkanoates (anion = hexanoate, octanoate or decanoate), 
however, was not consistent with the increase of lcbA.  With the exception of 
cholinium octanoate and cholinium decanoate, these ionic liquids seem to induce a 
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slight decrease in the expression of AN1165 (Fig. 5.4).  [N1 1 n 2OH]Br (where n = 6 ,8 
10 or 12) did not seem to induce alterations in the expression levels of this gene after 
one or two hours of incubation; however, despite some great variations amongst 
replicates, four hours of exposure to these ionic liquids seemed to promote some 
increase in its expression, especially observed for [N1 1 8 2OH]Br, that promoted a 
mean increase of 2.2-fold, although not statistically significant (Fig. 5.4).  CFW, 
concomitantly with the up-regulation of lcbA, led also to a 1.6-fold increase in the 
expression of AN1165.   
Further conversion of dihydrosphingosine into phytosphingosine in 
A. nidulans is catalysed by an enzyme encoded by basA.  Even though great 
variation in the values for each biological replicate were observed, this gene was 
greatly up-regulated for the majority of the ionic liquids tested (Fig. 5.4).  Exposure 
to [C6mim]Cl and [C8mim]Cl led to a maximum of 4.2 and 4.0-fold increas in the 
expression of this gene, respectively, while [C10mim]Cl induced a 2.9-fold increase 
after two hours of incubation.  Cholinium hexanoate nd cholinium octanoate also 
promoted the up-regulation of basA by 3.0- and 2.5-fold, respectively, after two 
hours of exposure.  Curiously, while [N1 1 6 2OH]Br and [N1 1 8 2OH]Br led to an 
increase of 5.0- and 4.7-fold after four hours of incubation, neither [N1 1 10 2OH]Br nor 
[N1 1 12 2OH]Br induced the up-regulation of basA (Fig. 5.4). 
These previous observations are notable, mainly because the genes involved 
in the following conversion of phytosphingosine into ceramides, barA and lagA, 
were previously reported to maintain or even decrease their expression levels upon 
exposure to [Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates (anion = 
hexanoate, octanoate or decanoate) or [N1 1 n 2OH]Br (where n = 6 ,8 or 10) (Fig. 5.5)  
[10].  The activation of the sphingolipid biosynthetic pathway, evidenced by the up-
regulation of lcbA, the erratic regulation of the genes involved in the synthesis of 
dihydrosphingosine and phytosphingosine (Fig. 5.4), combined with the unaltered or 
decreased expression of the ceramide synthases (Fig. 5.5), suggests an accumulation 
of sphingoid bases in A. nidulans upon exposure to the distinct ionic liquids 
families.  Similar findings have also been observed for other families of ionic 
liquids, such as the alkyltributylphosphonium chlorides (unpublished data). 
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Fig.5.4. Relative expression of the genes involved in the initial steps in sphingiolipid 
biosynthesis, lcbA, AN1165 and basA, analysed by qRT-PCR.  Aspergillus nidulans was 
exposed to 80% of the MIC of [Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates 
(anion = hexanoate, octanoate or decanoate) or [N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for 
one (white), two (grey) or four hours (black).  The y axes represent the fold-change of gene 
expression relative to the culture at time zero (before exposure).  γ-actin gene was used as 
internal control.  The asterisk marks significant difference (p-value < 0.05) in expression of 
each treatment when compared to the control for the same period of incubation. 
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Fig.5.5. Relative expression of the genes involved in the biosynthesis of ceramides, lagA and 
barA, analysed by qRT-PCR.  Aspergillus nidulans was exposed to 80% of the MIC of 
[Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, octanoate or 
decanoate) or [N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for one (white), two (grey) or four 
hours (black).  The y axes represent the fold-change of gene expression relative to the culture 
at time zero (before exposure).  γ-actin gene was used as internal control.  The asterisk marks 
significant difference (p-value < 0.05) in expression of each treatment when compared to the 
control for the same period of incubation.  Adapted from [10]. 
 
 
To further investigate if sphingoid bases are being accumulated upon ionic 
liquid stress, A. nidulans was exposed to [Cnmim]Cl (where n = 6, 8 or 10), 
cholinium alkanoates (anion = hexanoate, octanoate r decanoate) or [N1 1 n 2OH]Br 
(where n = 6 ,8 10 or 12) for 24 hours, and the total lipids where extracted from the 
fungal biomass.  Sphingoid bases from the extracted lipid fraction were derivatised 
with o-phthalaldehyde and further analysed by HPLC.  Interestingly, the results 
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were quite dissimilar depending on the ionic liquid family analysed.  None of the 
tested [Cnmim]Cl (where n = 6, 8 or 10) seem to led to an accumulation of the 
known sphingoid bases, dihydrosphingosine or phytosphingosine (Fig. 5.6).  In fact, 
a decrease in their amounts was observed.  However, it is notable the great increase 
observed for an unknown peak with a retention time of 8.2 min (Fig. 5.6, peak x).  
Curiously, its increase seemed to be greater with the elongation of the alkyl 
substituent in the [Cnmim]
+ cation, suggesting its accumulation might be related to 
the toxic effects of the ionic liquids.   
 
 
Fig.5.6. Chromatographic profile (HPLC) of sphingoid bases from lipid extract after 
derivatisation with o-phthalaldehyde for Aspergillus nidulans grown in media supplemented 
with 80% of the MIC of [Cnmim]Cl (where n = 6, 8 or 10).  The control without ionic liquid 
is indicated with a dashed line.  PHS = phytosphingosine; DHS = dihydrosphingosine; 
x = unknown compound with retention time at 8.2 min. 
 
 
Cholinium alkanoates (anion = hexanoate, octanoate r decanoate) led to a 
very distinct profile: while dihydrosphingosine seem to be accumulated after 
treatment with cholinium octanoate, it decreased upon exposure to cholinium 
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hexanoate or cholinium decanoate (Fig. 5.7).  Moreover, phytosphingosine seemed 
to present a slight accumulation induced by cholinium decanoate and either 
decreased or maintained its amounts after exposure to cholinium hexanoate or 
cholinium octanoate, respectively.  All tested cholinium alkanoates, most notably 
cholinium decanoate, induced the accumulation of two unknown peaks with 
retention times 9.75 and 11.75 min (Fig. 5.7, peaks y and z, respectively), distinct 
from the one observed after exposure to [Cnmim]Cl (where n = 6, 8 or 10).  Both the 
accumulation of phytosphingosine and of the two unknown compounds seemed to 
be related with the length of the anion. 
 
 
Fig.5.7. Chromatographic profile (HPLC) of sphingoid bases from lipid extract after 
derivatisation with o-phthalaldehyde for Aspergillus nidulans grown in media supplemented 
with 80% of the MIC of cholinium alkanoates (anion = hexanoate, octanoate or decanoate).  
The control without ionic liquid is indicated with a dashed line.  PHS = phytosphingosine; 
DHS = dihydrosphingosine; y = unknown compound with retention time at 9.75 min; 
z = unknown compound with retention time at 11.75 min. 
 
 
Even more intriguing are the effects induced by [N1 1 n 2OH]Br (where n = 6 ,8 
10 or 12).  While [N1 1 10 2OH]Br and [N1 1 12 2OH]Br seem to induce a slight decrease in 
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the amounts of the known sphingoid bases dihydrosphingosine and 
phytosphingosine, the other two ionic liquids of these family produced very distinct 
profiles (Fig. 5.8).  [N1 1 6 2OH]Br induced the accumulation of both 
dihydrosphingosine and phytosphingosine, as well as the unknown compound with a 
retention time at 11.75 min (Fig. 5.8, peak z).  [N1 1 8 2OH]Br, on the other hand, 
promoted a decrease in the amounts of the known sphi goid bases, while leading to 
the accumulation of the unknown compound with a retention time at 8.2 min (Fig. 
5.8, peak x).  These distinct effects observed for [N1 1 n 2OH]Br (where n = 6 ,8 10 or 
12) do not seem to have any relation with the length of the alkyl chain in the cation. 
 
 
Fig.5.8. Chromatographic profile (HPLC) of sphingoid bases from lipid extract after 
derivatisation with o-phthalaldehyde for Aspergillus nidulans grown in media supplemented 
with 80% of the MIC of [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12).  The control without ionic 
liquid is indicated with a dashed line.  PHS = phytosphingosine; DHS = dihydrosphingosine; 
x = unknown compound with retention time at 8.2 min; z = unknown compound with 
retention time at 11.75 min. 
 
 
The combination of gene expression analysis and liquid chromatography 
data clearly reveals that the tested ionic liquids are inducing the synthesis and 
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accumulation of intermediates in the sphingolipid bosynthetic pathway, including 
unknown species.  Upon exposure to ionic liquids, it is unlikely that this pathway is 
being activated for the production of structural lipids, but most probably for the 
synthesis of molecules that may have a signalling role in this fungus.  Sphingolipid 
intermediates have already been described to play numerous roles as signaling 
molecules in eukaryotes [28-31].  They are involved in the regulation of cell growth, 
differentiation, and programmed cell death.  In S. cerevisiae, sphingoid bases are 
also involved in the stress response to cell wall dmage, serving as a second 
messenger for the activation of the cell wall integrity pathway [32]. 
In the case of [Cnmim]Cl (where n = 6, 8 or 10), ionic liquids that seem to 
cause not only membrane permeabilisation but also cell wall damage, it is very 
likely that these accumulated intermediates might play an important role as signaling 
molecules for the cell wall integrity pathway in A. nidulans, as seen for S. cerevisiae 
[32].  However, differently from what is observed in the yeast, neither 
phytosphingosine nor dihydrosphingosine seem to be performing that function in 
A. nidulans.  Perhaps this is being accomplished by the unknown compound 
observed to be greatly accumulated (Fig. 5.6, peak x) upon treatment with 
[Cnmim]Cl (where n = 6, 8 or 10).  The cell wall integrity pathway in A. nidulans is 
not yet fully characterised, and alternative pathways to that known in yeast are 
suggested [17].  Its connection with other pathways, such as the sphingolipid 
biosynthesis one, is also unclear and needs to be further investigated.  Cholinium 
alkanoates (anion = hexanoate, octanoate or decanoate), however, are not able to 
neither permeabilise the plasma membrane nor damage the fungal cell wall and their 
mechanisms of toxicity remain unclear.  The accumulation of phytosphingosine, as 
well as of the two other uncharacterised compounds (Fig. 5.7, peaks y and z), 
however, might be suggestive of an unknown cellular response to the stress induced 
by these ionic liquids.   
The diversity of effects induced by [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) 
makes hard the establishment of a relation between their mechanisms of toxicity and 
the accumulation of sphingolipid intermediates, butit is a strong support to the 
uniqueness of the stimuli that ionic liquids can promote.  It also highlights the 
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complexity of sphingolipid biosynthesis and their role as signalling molecules, most 
likely far from being completely understood in A. nidulans.  Further supporting this 
is the observation that, despite leading to no alterations or even decrease in the 
expression of the ceramide synthase genes (barA and lagA), exposure of A. nidulans 
to [Cnmim]Cl (where n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, 
octanoate or decanoate) or [N1 1 n 2OH]Br (where n = 6 ,8 10 or 12) led to a great up-
regulation of the following gene in the pathway, urA, involved in the synthesis of 
the first complex sphingolipid [33].  All tested ionic liquids significantly increased 
the expression of aurA (Fig. 5.9), reaching maximums of 4.8-, 6.3- and 5.1-fold after 
four hours of exposure to [C6mim]Cl, [C8mim]Cl and [C10mim]Cl, respectively.  
Cholinium hexanoate, cholinium octanoate and cholinium decanoate induced a 5.2-, 
4.2- and 2.4-fold increase, respectively, in the expr ssion of this gene after four 
hours, and [N1 1 6 2OH]Br, [N1 1 8 2OH]Br, [N1 1 10 2OH]Br and [N1 1 12 2OH]Br led to an 
increase of 4.1-, 4.1-, 3-6 and 2.9 after the same exposure time. 
 
 
 
Fig.5.9. Relative expression of the gene involved in the synthesis of inositol-phosphoryl 
ceramide, aurA, by qRT-PCR.  Aspergillus nidulans was exposed to [Cnmim]Cl (where 
n = 6, 8 or 10), cholinium alkanoates (anion = hexanoate, octanoate or decanoate) or 
[N1 1 n 2OH]Br (where n = 6, 8, 10 or 12) for one (white), two (grey) or fur hours (black).  The 
y axes represent the fold-change of gene expression relative to the culture at time zero 
(before exposure).  γ-actin gene was used as internal control.  The asterisk marks significant 
difference (p-value < 0.05) in expression of each treatment when compared to the control for 
the same period of incubation. 
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Ceramide has been implicated as a second messenger in stress responses in 
A. nidulans [26].  The levels of cellular ceramides mediate th regulation of the cell 
cycle progression.  Upon stress, such as heat shock, the levels of cellular ceramide 
are rapidly increased, by inhibition of AurA and accumulation of its substrate, 
leading to inhibition of cellular division.  At the same time synthesis of complex 
sphingolipids stops, and cell growth is also arrested.  AurA has been implicated as 
the major regulator of the levels of ceramide in the cell, thus being responsible for 
the coupling of the cell cycle to cell growth, allowing a successful adaptation of cells 
to the stress conditions [26].  Interestingly, the stress imposed by ionic liquids seem 
to induce an opposite response, since for all the tested ionic liquids, aurA were 
highly up-regulated, indicating that the levels of cellular ceramides remained low 
under such conditions, and cell cycle was not arrested by this regulation.  These 
observations need further confirmation for the truly nderstanding of the regulatory 
mechanisms involved in ionic liquids stress. 
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5.5. Conclusions 
 
Exposure of A. nidulans to 1-alkyl-3-methylimidazolium chlorides ([Cnmim]Cl, 
where n = 6, 8 or 10) and alkyl-(2-hydroxyethyl)-dimethylammonium bromides 
([N1 1 n 2OH]Br, where n =  6, 8, 10 or 12) led to an increase in the expression levels of 
the genes involved in 1,3-β-glucan and 1,3-α-glucan synthesis, indicative that these 
ionic liquids, besides being able to permeabilise the plasma membrane of the fungus, 
can also induce damage to the cell wall.  These ionic liquids were also observed to 
activate the sphingolipid biosynthetic pathway and accumulate intermediates, 
including unknown molecules.  These sphingolipid intermediates could be serving 
as mediators to the cell wall damage response in this filamentous fungus, upon ionic 
liquids exposure. 
Cholinium alkanoates, however, do not neither cause plasma membrane 
permeabilisation nor cell wall damage, as observed by the data herein presented.  
Their mechanisms of toxicity remain unclear, calling for further studies.  
Nevertheless, it was previously proposed that consumption of the cholinium cation 
might led to the accumulation of the toxic compound cyanide [7], thus posing it as a 
potential candidate for the toxic effects of this family of ionic liquids.  Cholinium 
alkanoates also led to the accumulation of sphingoid bases, including unknown 
species.  These molecules could be, therefore, involved in the response of 
A. nidulans to the toxic effects of cholinium alkanoates. 
The data herein presented is a proof that ionic liquids tuneable nature can 
promote unique stimuli to living organisms and induce distinct stress responses.  
This diversity can be observed when comparing different families of ionic liquids, 
e.g. 1-alkyl-3-methylimidazolium chlorides and cholinium alkanoates, able to induce 
very disparate toxic effects and induce the distinct ac umulation of sphingoid bases.  
However, it can also be observed between closely related ionic liquids, such as the 
alkyl-(2-hydroxyethyl)-dimethylammonium bromides tha  display similar toxic 
effects but led to very distinct profiles of accumulation of sphingoid bases. 
Altogether, data strongly supports the use of ionic liquids unique stimuli as 
tools to activate and unravel uncharacterised cellular and molecular processes in 
Ionic liquids can provide insights on sphingolipid signalling in filamentous fungi 
 
189 
 
living organisms.  On-going studies are specifically ddressing the role of distinct 
sphingoid bases as second messenger for the cell wall integrity pathway and fungal 
morphogenesis.  Gene expression analysis, microscopy and functional studies with 
deletion mutants are on the way to address these challenging questions. 
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6.1. Final discussion 
The following discussion focusses essentially on data presented in the previous 
research chapters and on future perspectives.  The importance of the studies herein 
discussed is reinforced through a brief analysis of other studies performed in the 
Applied and Environmental Mycology Laboratory. 
 
The potential of ionic liquids is undeniable, evidenced by the crescent 
number of new formulations and novel proposed applications [1].  However, also 
unquestionable is their toxicological assessment; especially when considering their 
application in an industrial scale; ionic liquids might pose as a great risk for the 
environment [2].  Their negligible vapour pressures distinguish them from 
traditional organic solvents, diminishing the risk of atmospheric pollution.  
Nevertheless, soil and water contamination by ionic liquids, probably by accidental 
spills or waste disposal, constitute a serious hazard.  Understanding ionic liquids 
(eco)toxicity is, therefore, crucial for their conscious design, providing guidelines 
for the development of new, less toxic and/or biodegradable ionic liquids. 
Filamentous fungi are an excellent model for studying ionic liquids toxicity.  
They constitute a ubiquitous group of organisms, and their abundance in soil is 
remarkable.  Our group was pioneer in employing filamentous fungi in ionic liquids 
toxicological assessment [3].  Filamentous fungi were shown to tolerate, in general, 
very high concentrations of ionic liquids.  Moreover, their high catabolic capacities 
render them as great candidates for biodegradation studies.  Employing diverse 
methodologies, we were able to elucidate the degradation pathways of several 
recalcitrant compounds, such as the plant polymer suberin [4] and the toxic aromatic 
compounds benzoate and salicylate [5], in Aspergillus nidulans.  Our group have 
also proven the ability of fungi from the genus Penicillium to degrade certain ionic 
liquids [6].  We were also able to demonstrate that some ionic liquids are able to 
induce a greater metabolic diversity in filamentous fungi [3], most likely associated 
with the activation of the fungal secondary metabolism (unpublished data), 
indicative of ionic liquids unique stimuli.  Overall, our group have successfully 
established all the methodologies necessary to evaluate, in-depth, the effects of ionic 
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liquids against filamentous fungi.  The studies included in this thesis go beyond the 
analyses of the major cellular responses provoked by distinct families of ionic 
liquids, aiming at identifying their primary effects and ionic liquid-specific gene 
targets. 
The toxicity of ionic liquids is widely believed to be due to permeabilisation 
of biological membranes, leading to their disruption and leakage of intracellular 
components and, consequently, cell death [2].  This has been supported by the 
observation that elongation of the alkyl chain either in the cation or the anion leads 
to increased toxicity, most likely related to a higher lipophilicity, as suggested by 
ionic liquids parameters such the 1-octanol/water partition or distribution 
coefficients (logP and log D, respectively).  However, the mechanisms of toxicity of 
such compounds cannot rely only on predictions, but must also count with the 
determinations of their effects in living organisms.  The lack of systematics studies 
that evidence membrane permeabilisation as a mechanism of toxicity of ionic liquids 
was, in part, the driving force conducting the initial work presented in this thesis.  
Equally important were the early findings by our group revealing that ionic liquids 
were, in general, able to augment the diversity of diffusible small molecules 
biosynthesised by Penicillium spp. [3].  This was inspirational for deeper 
investigations on the uncharacterised aspects of fungal biology, from morphogenesis 
to intracellular signalling. 
The first ionic liquids subjected to an in-depth investigation of their 
mechanisms of toxicity was a series of highly toxic alkyltributylphosphonium 
chlorides, [P4 4 4 n]Cl, where n = 1, 4-8, 10, 12 or 14 (Chapter II).  These ionic liquids 
were thought to cause plasma membrane permeabilisation mostly because their       
1-octanol/water partition coefficients, indicative that ionic liquids lipophilicity is 
expected to increase linearly with the increase of the number of carbon atoms in the 
alkyl substituent.  A fluorescence microscopy assessment demonstrated that, in fact, 
alkyltributylphosphonium chlorides are able to permeabilise the plasma membrane 
of A. nidulans conidia.  Their toxicity was observed to increase with the systematic 
elongation of one alkyl substituent, consistent with the increase in their 1-
octanol/water partition coefficient.  The data clearly suggested that the toxicity of 
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[P4 4 4 n]Cl, where n ≥ 4, is ruled by direct interaction with the plasma membrane.  
Further confirmation of these effects was attained by analysing ionic liquids effects 
at a molecular level.  The response of A.nidulans to exposure to 
alkyltributylphosphonium chlorides, [P4 4 4 n]Cl, where n = 1, 4, 8 or 12, was 
investigated by measuring the expression levels of several genes involved in plasma 
membrane biosynthesis (Chapter III).  The observed response highly suggests that 
A. nidulans alters the plasma membrane fluidity in response to the membrane 
permeabilisation provoked by the ionic liquids. 
Both fluorescence microscopy and gene expression analysis were proven to 
be powerful and rapid tools to investigate the ability of ionic liquids to permeabilise 
biological membranes.  This stimulated their use to investigate the toxic effects of 
other important families of ionic liquids.  The imidazolium-based ionic liquids are 
probably the most investigated group of ionic liquids, and one of the first to find 
application on an industrial scale.  The cholinium-based ionic liquids are currently 
gaining great interest for the development of biocompatible ionic liquids, mainly due 
to the benign nature of the cholinium cation.  We have chosen representative 
families of each ionic liquid group, namely 1-alkyl-3-methylimidazolium chlorides 
([Cnmim]Cl, where n = 2, 4, 6, 8 or 10) and cholinium alkanoates 
(anion = ethanoate, butanoate, hexanoate, octanoate or decanoate), to perform a 
systematic investigation of their toxic effects and mechanisms of toxicity 
(Chapter IV).  As previously observed for the phosphonium-based ionic liquids, 
both 1-alkyl-3-methylimidazolium chlorides and cholinium alkanoates present the 
same trend of toxicity against A. nidulans: their toxicity increase with the elongation 
of the alkyl chain either in the cation or the anion, respectively.  However, while 
imidazolium-based ionic liquids appear to be more toxic and recalcitrant to 
degradation, cholinium alkanoates present lower toxicity and are readily 
biodegradable. 
Furthermore, 1-alkyl-3-methylimidazolium chlorides with long alkyl chains 
([Cnmim]Cl, where n ≥ 6) are able to permeabilise the fungal plasma membrane, 
leading to cell death, while cholinium alkanoates cannot cause such effect 
(Chapter IV).  These differences are most likely due to the nature of biological 
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membranes and each ionic liquid family.  The plasma membrane is charged along its 
surface, due to the different composition of neutral and negatively charged head 
groups of its composing phospholipids.  Toxicity of 1-alkyl-3-methylimidazolium 
chlorides seems to closely relate to the elongation of the alkyl chain in cation, while 
for cholinium alkanoates, increase in the number of carbons in the anion appears to 
rule their toxicity.  Most probably, the negatively charged phospholipids assist the 
interaction of the imidazolium-based cations with the plasma membrane, allowing 
its permeabilisation, while the anions from cholinium alkanoates are likely repelled.  
The cholinium cation, on the other hand, can interact with the surface of the plasma 
membrane, but its bulky nature does not allow membrane permeabilisation.  
Elongating one of the alkyl chains of the cholinium cation, however, enables plasma 
membrane permeabilisation.  This could be observed for a series of alkyl-(2-
hydroxyethyl)-dimethylammonium bromides ([N1 1 n 2OH]Br, where n = 2, 4, 6, 8, 10 
or 12) (Chapter IV).  The analyses of the toxicity of these cholinium derivatives 
reveals that this family of ionic liquids presents membrane-permeabilising effects, 
but seem to maintain the lower toxicity and biodegradability observed for 
cholinium-based ionic liquids.  These observations can constitute a unique asset for 
the development of new biocompatible ionic liquids: linear elongation of alkyl 
chains should be preferentially introduced in the anions, in order to avoid 
permeabilisation of biological membranes. 
Interaction with the plasma membrane and its disruption is most likely a 
non-specific mechanism of toxicity of ionic liquids, probably observed for all 
cellular organisms.  The fungal cell envelope is, however, also composed of another 
complex structure, the cell wall.  The cell wall of A. nidulans presents an inner layer 
composed of polysaccharides, mainly chitin, 1,3-β-glucans and 1,3-α-glucan [7].  
The glucan network serves as a support for an outer layer of mannoproteins.  The 
presence of these mannoproteins confers an overall negative charge to the cell wall 
that also might have an implication on the effects of ionic liquids in fungi.  
Employing fluorescence microscopy, gene expression analysis and scanning electron 
microscopy, we analysed the ability of ionic liquids to cause damage to the fungal 
cell wall and observed that alkyltributylphosphonium chlorides, in fact, damage this 
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cellular structure, regardless the alkyl chain length (Chapters II and III).  Other ionic 
liquids with long alkyl chains in the cation, namely 1-alkyl-3-methylimidazolium 
chlorides and alkyl-(2-hydroxyethyl)-dimethylammonium bromides, also seemed to 
induce cell wall damage (Chapter V).  Cholinium alkanoates, however, do not cause 
such effect.  It seems possible that the negative charge of the cell wall also plays a 
pivotal role in the effects of ionic liquid upon this cellular structure. 
Fungi respond to damage to the cell wall by activating several genes 
involved in its biosynthesis, creating conditions that allow them to re-establish its 
integrity.  This response is regulated by a signalling cascade better understood in the 
yeast Saccharomyces cerevisiae, called cell wall integrity pathway [8].  This 
pathway is also known to be present in a variety of filamentous fungi, but many 
knowledge gaps in their constitution and regulation call for further investigation.  It 
is thought that A. nidulans possesses an alternative pathway for cell wall integrity 
regulation, still uncharacterised [9].  Exposure to alkyltributylphosphonium 
chlorides led to cell wall damage and was believed to induce the activation of an 
alternative cell wall integrity pathway.  This scientific hypothesis was tremendously 
exciting, especially when considering the significance of this pathway as a potential 
pathogen-specific target for the development of new antifungal drugs. 
Interfaces of the cell wall integrity pathway with other signalling pathways 
in S. cerevisiae have been observed, including sphingolipid metabolism [8].  This, 
however, has not yet been elucidated in the filamentous fungus A. nidulans.  We 
have observed that the tested ionic liquids that cause membrane permeabilisation 
and cell wall damage also activate the sphingolipid biosynthetic pathway and induce 
the accumulation of certain sphingolipid intermediates, such as sphingoid bases 
(Chapter V).  It is possible that these molecules are acting as second messengers for 
the response to cell wall stress induced by ionic liquids in A. nidulans.  Curiously, 
each family of ionic liquid seem to induce distinct profiles of accumulation of 
sphingoid bases, including unknown species.  Ionic liquids unique stimuli could, 
therefore, be explored to activate cell wall integrity pathways in A. nidulans and help 
establishing a connexion of this signalling pathway with sphingolipid metabolism in 
this fungus.  Interestingly, cholinium alkanoates cannot permeabilise the plasma 
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membrane nor cause cell wall damage, but still activate sphingolipid biosynthesis 
and lead to the accumulation of sphingoid bases, including unknown species.  
Weather these molecules are involved in the response of A. nidulans to the toxic 
effects of cholinium alkanoates remains unclear.  Deeper investigations might help 
into elucidating the mechanisms underlying toxic effects of this family of ionic 
liquids.  Our group has previously performed a proteomic study that demonstrated 
that the cholinium cation could be up-taken from the media and used as a carbon and 
nitrogen source [10].  It also revealed that incubation of A. nidulans with high 
concentrations of cholinium chloride led to the accumulation of proteins suggesting 
cyanide production, which may be a possible hint for explaining the toxic effects of 
cholinium alkanoates. 
The distinct profiles of accumulation of sphingoid bases displayed by each 
ionic liquid family further highlight the uniqueness of ionic liquids stimuli.  It 
evidences that these compounds can be explored to further investigate the roles of 
sphingolipids, and intermediates in the pathway, as signalling molecules in 
filamentous fungi.  Further investigations require the identification of the unknown 
intermediates seen to be accumulated upon exposure to distinct ionic liquids, and 
identify potential new genes involved in their synthesis and their possible connexion 
with other pathways in the fungus, such as the cell wall integrity pathway.  This can 
be attained with a combination of different techniques.  Aspergillus nidulans 
genome is completely sequenced [11], which allows us to explore a wide diversity 
of molecular tools already employed in our group [12].  Through transcriptomic and 
proteomic analysis and genome mining we were able to establish the degradation 
pathways of suberin [4] and benzoate and salicylate [5].  Generation of gene deletion 
mutants was also successfully established for these purposes, and can further 
confirm the role of specific genes involved in sphingolipid biosynthesis or in 
potential alternative cell wall integrity pathways in A. nidulans. 
Pathogenic and opportunistic filamentous fungi are responsible for 
numerous fungal infections, and are emerging as causative agents in a broad 
diversity of clinical conditions [13].  Furthermore, resistance to antifungal drugs is 
now an uprising risk to the life of millions of individuals [14].  Hence, the current 
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challenge is to better understand the biology of filamentous fungi and identify novel 
targets for antifungal drugs, crucial for developing alternative therapies.  As we get 
closer to understanding the primary effects of each ionic liquid family and move 
towards the identification of their specific gene targets, the vision of developing 
antifungal ionic liquids and materials, by taking advantage of elegant progresses in 
this field, might become a reality.  There are only three major classes of antifungal 
drugs in clinical use and the current pace of drug development is inadequate against 
the threat imposed by emerging fungal pathogens and the increased number of cases 
of drug resistance.  The innovative frontier research in the cross-disciplinary field of 
ionic liquids might provide us unexpected means to address these global concerns.  
One example is an on-going side project aiming at using ionic liquids formulations 
to tune the solubility of well-established antifungal drugs carrying high cytotoxicity, 
such as the case of amphotericin B.  The primary effect of amphotericin B involves 
the physical interaction with ergosterol; this drug has actually been recently 
suggested to extract ergosterol from lipid bilayers [15].  Furthermore, sphingolipids 
structurally interact with ergosterol and play an important role in the resistance to 
amphotericin B [16].  New drug formulations of amphotericin B as an ionic liquid 
could provide means to tune drug solubility and, unexpectedly, it also opens the 
possibility to alter sphingolipid biosynthesis in ways that increase drug efficiency. 
It is undoubtable that ionic liquids tuneability can provide numerous 
chemical formulations, but can also be responsible for inducing a great variety of 
responses in living organisms.  The work presented in this thesis constitutes a 
foundation for exploring ionic liquids as tools in biological sciences, taking 
advantage of their unique stimuli to elucidate unknown and uncharacterised cellular 
and molecular processes in filamentous fungi. 
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